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FURTHER STUDY OF PAPER-COATING MINERALS AND 
ADHESIVES 


By Merle B. Shaw, George W. Bicking, and Martin J. O’Leary 


ABSTRACT 


Owing to the interest manifested among manufacturers in the investigation 
on Use of Glue in Coated Paper, Technologic Paper No. 323, other coating 
materials have recently been studied to keep the public informed of new develop- 
ments in raw materials and promote the use of domestic resources. Four dif- 
ferent clays, 2 foreign and 2 domestic, and 1 commercial compound of diatoma- 
ceous earth were the minerals employed. The domestic clays were from the same 
mine, but had received different refining treatment. One had been washed 
only; the other, chemically treated and washed. Three types of high-grade 
commercial adhesives—casein, glue, and modified starches—were used. The 
tests were confined to papers suitable for high-grade printing. The coating 
procedure was similar to commercial practice. 

Present methods of refining American clay have improved its color, fineness, 
and suspension quality. The American clay that had been chemically treated 
and washed compared favorably in the tests with the foreign clays as paper- 
coating mineral. The coatings showed about the same differences in color as 
the clays themselves. The clay coatings were well bound to the fiber sheet and 
were of very good printing quality. The coating with the diatomaceous earth 
compound did not adhere well to the base paper. 

It is doubtful whether the modified starches had quite as strong adhesive 
quality as the casein or glue, but all coatings containing 18 parts of starch per 
100 parts of clay were well bound to the body papers. Graded as to their clay 
suspending property the adhesives were in the following descending order— 
starch, casein, and glue. There appeared to be no appreciable difference in the 
adhesives so far as their effect on the color of the coatings was concerned. When 
the coated papers were printed by the half-tone process equally good results 
were obtained with the three different adhesives, although the starch-bound 
coatings may possibly have absorbed somewhat more ink. 

The publication includes chemical analyses, color measurements, and settling 
data for the minerals used, description of the coating procedure, and various 
measurements on the finished coated papers. 
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I. INTRODUCTION AND RESUME OF PREVIOUS Worx 


The characteristic feature of mineral-coated papers is a thin laye 
of mineral matter and adhesive applied to the surface of the fihe 
sheet. The function of the mineral matter is to fill in the irregy. 
larities of the surface of the sheet to form a smoother and more even 
surface than that obtained by the other paper-manufacturing pre. 
esses, while the adhesive is added to bind the particles of miners] 
matter together and to the body of the paper. There are many 
grades and uses of coated papers, and the coating materials employed 
are chosen according to the use for which the papers are intended. 
The tests described in the following pages, however, have been cop. 
fined to papers for high-grade printing and lithographic purposes 
for which a very even, semiabsorbent surface is required. . 

An investigation was previously made at the bureau to obtain 
data on the use of glue as adhesive in such types of coated paper. 
The work is fully described in Bureau of Standards Technologic 
Paper No. 323,’ published in 1926. Consideration was given to the 
factors which materially influence the quality and price of the glue 
and the printing quality of glue-bound coated papers. Eight dif. 
ferent glues were used, with clays, satin white, and blanc fixe as the 
coating minerals. 

Owing to the interest manifested by manufacturers in the previous 
work, other paper-coating materials have recently been studied to 
keep the public informed of new developments in raw materials and 
promote the use of domestic resources, which would become vey 
important in the event of any disturbance limiting the supplies ¢! 
foreign origin. The present paper describes these later tests, which 
are a continuation of the earlier work. 


II. MATERIALS USED IN THE INVESTIGATION 
1. PAPER 


The base paper or body stock used for the coating tests was con- 
posed chiefly of sulphite pulp with some waste paper from exper: 
mental paper runs, and was medium rosin sized. The weight of the 
stock was approximately 54 pounds (500 sheets 25 by 40 inches in 
size). The paper was made on the Fourdrinier machine of the bureau's 
experimental paper mill, and was similar in its properties to that 
generally used in commercial coating mills. 

The fibrous part of coated paper is sometimes regarded as a mer 
carrier of the coating and for this reason is sometimes very p00 
material. The quality of the body paper—its formation, cleanliness, 
color, and surface characteristics—is, however, of considerable 
importance. For good results in coating it is essential that the 
paper be well closed and the surface smooth and even. If it is t 
soft sized the coating mixture permeates too deeply and a pov 
bond between mineral and paper results. If it is too hard sized the 
coating will not adhere well to the surface. Freedom from suriae 
dirt, specks, rosin, or lime spots, and other imperfections whit! 
may cause a local thinning or thickening of the coat is necessary 








1 Use of Glue in Coated Paper, by George K. Hamill, V. H. Gottschalk, and George W. Bicking. Copies 
may be obtained from the Superintendent of Documents, Government Printing Office, Washington, D.C, 
Price 15 cents each. 
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insure uniform distribution of the coating on the body stock. The 
color of the base paper is a factor in the appearance of the coated 
sheet. The more nearly it corresponds to the color of the coating, 
the more satisfactory will be the results obtained. 


2. COATING MATERIALS 
(a) MINERALS 


Four different coating clays—two foreign, two domestic—and a 
commercial compound of domestic diatomaceous earth,’ designated 
herein as mineral No. 5, were the minerals employed. The foreign 
clays were graded as No. 1 and medium. The two domestic clays 
were from the same mine, but had received different refining treat- 
ment. One, clay A, had been washed only; the other, B, had been 
chemically treated, bleached, and washed. The following chemical 
analyses, color measurements, and settling data (Tables 1 to 3) give 
additional information on these materials. 


TABLE 1.—Chemical analyses of coating minerals ! 





Foreign clay Domestic clay 


Constituents : wy 


No.1 | Medium a ia 








Per cent | Per cent | Per cent | Per cent 
Silica (SiO2) 46. 46. 2 44.4 44.3 
Iron oxide (FegO3)- a. P 1.0 .4 .4 
Alumina (Al203)?_--- se if 37.6 39.8 41.0 
Calcium oxide (CaO) z3 1 Trace. Trace. Trace. 
Magnesium oxide (MgO) > ‘ 5 5 x 
Loss at 110° C. (2 hours) -...------- Delthccneananmadens 





- 3 4 
Further loss on ignition 3 12.5 13. 14.0 


3 
Specific gravity at 15.6° C3 4 2.75 2. 67 

















1 Analyses made by chemistry division, Bureau of Standards. 
? Includes TiOs, P20s, Mn30Ox if present. 
) Specific gravity determined by A.S.T.M. method D 153-27. 


Clays consist of finely divided mineral matter, chiefly silica and 
alumina, derived from rocks by disintegration. They may be 
either residual or transported. The residual (or primary) clays are 
those which remain overlying the rocks from which they have been 
formed, and they are thus distinguished from transported (sedi- 
mentary or secondary) clays, which have been carried from their 
place of origin by eroding influences and redeposited. Because of 
the largeness of the deposits and their residual character, foreign 
clays are in their natural state considered homogeneous. ‘The major- 
ity of American clays are transported and, therefore, may contain 
more impurities. For this reason more attention in refining is needed 
for the American clays, but by modern improved methods of handling 
and purification, the extraneous substances are reduced to a satis- 
factory minimum, and the American clays now available are greatly 
improved. 

As shown in the chemical analyses of Table 1, the domestic clays 
tested were similar to the foreign clays in composition. Mineral No. 
5 had a very high lime content. The low moisture content of the 





?Fine powder obtained from the accumulated deposits of diatoms, microscopic unicellular alge 
temarkable for their silicified cell walls, which persist after the death of the organism. 
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clays, “loss at 110° C.,”’ was doubtless due to the fact that they had 
been kept in a dry place for a considerable time before the tests 
Under ‘further loss on ignition” is given the loss chiefly of chemi. 
cally combined water and organic matter. 

The color or degree of whiteness is important in the selection of 
minerals for use in high-grade papers. A Pfund colorimeter *, which 
gives numerical values as a basis for comparison, was used to deter. 
mine the color characteristics reported in Table 2 and shown graphi- 
cally in Figure 1. Magnesium oxide was included with the samples 
in order to give a value of white for comparative purposes. 


TaBLE 2.—Color measurements of coating minerals ' 





Brightness values 





Blue Green | Red 
(wave (wave | (wave 
length length | length 
460 my) 550 My) | 625 My 


OE ae 0. 871 . 928 | 
Foreign clay No. 1...._.__-_- FER. 4S & APR, PRE MER TAs 8&5, gelatmnatsca .791 . 850 | 
Foreign clay medium . 750 812 | 
_.... | SE See Set: SEAR EARS htrtn te) Paes | . 753 . 838 
Domestic clay B A oe . 807 . 901 
i st SS Ol eae oe a eee . 763 . 834 














1 Measurements made by R. E. Lofton, Bureau of Standards. 
? Magnesium oxide was included for comparison. 


The color characteristics are shown in terms of the relative bright- 


ness of the three primary components—blue, = and red. If the 


sample being tested were truly color neutral, “‘white’”’ or gray, it 
would reflect nonselectively and the brightness values for the three 
colors would be the same. The color curve would be a straight, 
horizontal line, but since white has a higher brightness value than 
gray the curve for white would be higher on the vertical scale. As 
the color becomes more selective; that is, shows a tint or dominant 
hue, the values for the reflection coefficient diverge. 

As shown in Figure 1 the domestic clays are somewhat more defi- 
cient in blue (that is, are more yellowish) than the foreign clays, but 
higher in brightness. The refining treatment given clay B improved 
its color characteristics. If a small amount of blue dye were added 
with the clay, it would doubtless be as good in color as the foreign 
clays. Its color curve would then be more nearly horizontal, but 
the brightness values would be somewhat lower. 

The relative rates of settling from water suspensions are shown 
for the different clays in Table 3 and Figure 2. Using a water-clay 
ratio of 19.6 to 1, 200 ml of clay slip (clay content, 10 g) was placed 
in a graduated glass cylinder and the volume of clear supernatant 
liquid determined at various times. No electrolyte was added to 
deflocculate the clays. 

The curves of Figure 2 afford a fairly accurate comparison of the 
fineness of the clay particles. The washing and chemical treatment 
of clay B apparently removed some of the coarse particles. 1t may 





2 Pfund, A. H., A New Colorimeter for White Pigments and Some Results Obtained by Its Use, AD. 
Soc. for Test, Matrls.; June, 1920. 
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possibly also have developed some colloidal property which increased 
ihe suspending quality of the clay. Whereas domestic clay A settled 
comparatively rapidly, the settling rate and final volume of wet clay 
were practically the same for domestic clay B as for the foreign clays. 
Fineness of grain and good suspension quality are essential to a free- 
flowing coating slip that will spread well on the paper and have good 
covering power. It is believed a clay of fine particle size will also take 
a better finish. 
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Figure 1.—Color characteristics of coating minerals 


The water used for the slips had a pH value of 6.9, which is practi- 
cally neutral. The pH of the clear liquid above the clay suspensions 
was 7.1 for foreign clay No. 1, 6.7 for foreign clay medium, 5.5 for 
domestic clay A, and 6.0 for domestic clay B; that is, the foreign clays 
were nearly neutral, whereas the domestic cage were somewhat acid 

e diatomaceous earth 


compound was 8.4. 
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TaBLeE 3.—Rate of settling of clay in water 


( 200 ml of clay slip’ ys 





Clear liquid above clay suspension 





Foreign clay Domestic clay 





No.1 | Medium 
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(b) ADHESIVES 


Three types of adhesives were used in the coating work—casein, 
glue, and modified, or chemically treated, starches. Three samples 
of the modified starches, called ‘“‘gums”’ by the manufacturer, were 
employed and are designated herein as gums A, B, and C. 

All of the adhesives employed were high-grade commercial products. 
The glue was the same as the No. 4 adhesive used in the earlier work: 
The coating gums were described by the manufacturer as follows: 

These coating gums were made from cornstarch by chemical processes con- 
sisting essentially of weak esterification at low temperature with relatively weak 
organic acids, yielding products which tend toward slight acidic hydrolysis in 
the course of drying of the films. During the course of manufacture the starches 
were treated with soluble silicates, so that during the acidic hydrolysis the silicates 
are converted into silica gel in situ, and there is produced during the drying of 
the adhesive in contact with the clay coat, a combination of starch and silica gel. 
The silica gel assists in the bonding of the starch and clay and renders the coat 
somewhat more resistant to the leaching effects of water than is obtainable with 
the ordinary types of soluble starches previously used for such purposes. 


All of the adhesives possessed the qualities given in Technologic 
Paper No. 323 as desired in adhesives for coating purposes, namely: 


Minimum of insoluble matter, such viscosity as to permit the use of ordinary 
equipment at the desired dilution of the coating mixture and within the tempers- 
ture range of working conditions, high adhesiveness, good clay-suspending powe!, 
minimum of foam-causing impurities and grease. 


III. EQUIPMENT USED 


The paper mill of the bureau is equipped for coating paper on 4 
semicommercial scale under practical mill conditions. The equipment 





«B.S. Tech, Paper No. 323, p. 647. 
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employed consists of a 14-inch Waldron flat-bed brush coater with 
festoon dryer and rewinder, mixing tanks with power-driven agitators 
of the wooden-gate type, and a 5-roll supercalender. 

The coating machine is the “single” coater type, applying the 
coating substance to but one side of the paper. It has 6 brushes, 2 
rotating and 4 having a laterally reciprocating movement, to spread 
and smooth the coating material. The brushes, the first of which 
consists of comparatively coarse bristles and the last of fine, are 
placed in the foliowing order: One rotating which applies the coating 
substance, one working across the surface of the paper with a recipro- 
cating motion, another rotating, and three more reciprocating, the 




















1-Foreign clay medwm 
2-Foreign clay Not 
3-Domestic clay A 
4+Domestic clay B 
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Ficure 2.—Rate of settling of clay in water on) 


last having very fine badger bristles to eliminate any remaining marks 
made by the coarser ones. The pressure of the brushes on the paper 
can be adjusted so as to distribute the coating materials uniformly 
and smoothly over the paper. 

The festoon rack is 15 feet long and has a capacity of 28 loops, 
each 6 feet in length. With the uptake rack and the rack from the 
festoons to the reel, the capacity of the dryer is approximately 400 
lineal feet. The dryer is inclosed in a cabinet equipped for air con- 
ditioning and temperature control. The photograph of Figure 3, 
however, was made before the cabinet was installed. 

The mixing tanks used for preparing the coating mixtures are 
shown in Figure 4. 
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The supercalender (fig. 5) is equipped to calender paper either jp 
the web or in sheets. The drive is such that the calender can be my 
at almost any speed desired.» The lever-weight arms are raised o; 
lowered hydraulically. The calender is supplied with 3 steel and 3 
cotton rolls, so that the rolls can be alternated or the 3 cotton rolls 
can be used together. 


IV. COATING PROCEDURE 
1. PREPARATION OF COATING MIXTURE 


The clay used in the coating mixtures was soaked in water over. 
night in order that it might become thoroughly wet before the slip 
was prepared. The slip was agitated for approximately one hour. 
after which the adhesive was added. The resultant coating mixture 
was agitated until uniform, the time required being from one to two 
hours. 

The adhesive materials were added in solution. The casein and 
glue formulas developed and adopted in the earlier work and the 
formula recommended for the gums by the manufacturer were {o)- 
lowed in the tests on the respective materials. 

The casein was soaked for one hour at room temperature in approx- 
imately four times its weight of water and was occasionally stirred 
meanwhile. Since casein is insoluble in water, it was brought into 
solution by adding alkali solvents and heating the mixture to 130° 
to 150° F. The solution was allowed to cool to room temperature 
before it was added to the clay slip. Soda ash is probably the best 
solvent, or cutting alkali, for casein, but small amounts of borax, 
ammonia, and trisodium phosphate (alone or in combination) are 
used by mills with very satisfactory results. Nearly every manv- 
facturer has a formula of his own, largely determined by the mill’s 
coating process and the requirements of its customers. 

The glue was soaked in water overnight and subsequently warmed 
to not more than 135° F. for solution. The solution was allowed 
to cool to room temperature before it was added to the clay slip. 

The gums were mixed with water, heated at 185° to 190° F. until 
the solution was amber in color, and, as recommended by the manv- 
facturer, added while hot to the clay slip, which was at room temper- 
ature. 

After being screened through a No. 200 sieve the coating mixtures 
were ready to be applied to the body paper. The small scale coating 
equipment employed did not permit using the relatively high con- 
centration used with commercial equipment, therefore, the mixtures 
were of lower concentration and the coatings obtained were conse- 
quently of comparatively light weight. 


2. COATING 


The coating procedure was similar to the commercial practice used 
in applying a single coating to paper. A roll revolving in the pre- 
pared coating mixture transferred the coating substance to a revolving 
brush, which, in turn, applied it to the surface of the paper. By means 
of the series of brushes pressing against the paper as it passed over 
the flat bed of the machine, the mixture was immediately smoothed 
out and brought into good contact with the paper. After leaving 
the brushes the paper was hung in a series of festoons or loops and 
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FIGURE 3.- 


Paper coating machine (without drying cabinet) 


Paper shown festooned for drying. 
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Figure 4.—Mivzing vessels 
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carried along on an overhead trackway through the drying gallery, 
heated by hot air rising from near the floor, and then reeled up ready 
for calendering. 

In order to sufficiently dry the coated paper in the short time 
required for it to pass through the cabinet, it was necessary to shut 
off the humidifying feature of the equipment. The moisture content 
of the paper entering the cabinet was approximately 35 per cent, and 
the interval permitted for drying was about 10 minutes (for 400 feet). 
If the paper admitted had been low in moisture content or could have 
been left longer to become dry and conditioned, the automatic humid- 
ity control would have been used. The temperature of the drying 
cabinet was from 110° to 120° F., but the paper was kept compara- 
tively cool by the rapid evaporation caused by the large volume of 
warm air circulated from beneath. 


3. CALENDERING 


A combination of alternate steel and cotton rolls was used in cal- 
endering the paper, which was passed through in the web. No 
attempt was made to obtain a high glossy finish, the smoothness 
imparted by light calendering being sufficient for high-grade printing 
except for special cases. 


V. TEST RESULTS 


1. COATING OF PAPER 
(a) MINERALS 


The clays worked satisfactorily with the different adhesives. No 
attempt was made, however, to determine the minimum amount of 
each adhesive that could be used with them. The suspension 
quality of the clays was good, the coating mixtures screened satis- 
factorily, and the slips were spread without difficulty by the coating 
machine. Nearly any finish desired could have been obtained in the 
calendering but 70 per cent gloss ° was the finish arbitrarily adopted. 

The measurements on the coated papers are given in Table 4. 


5 The gloss of the finished 


) i Papers was determined according to the Paper Testing Methods published by 
the Technical Association of the Pulp and Paper Industry, 18 East Forty-first Street, New York, N. Y. 
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As indicated in the table the coatings showed about the same differ. 
ences in color as the clays themselves; that is, the coated paper for 
which domestic clay B was used was somewhat better in color than 
that coated with sample A, and compared favorably with the color of 
the papers coated with the foreign clays. There appears to be no 
appreciable difference in the adhesives so far as their effect on the 
color of the coatings is concerned. Since starch is comparatively 
very white material it might be expected to affect the color least, with 
casein and glue following in order, but these differences were not 
shown in the measurements. The weight of the single coat applied 
was approximately from 10 to 15 pounds on a basis paper 25 by 4( 
inches, 500 sheets. 

Mineral No. 5 is primarily a ceramic material, but because of its 
softness and fineness was thought to be a possible coating mineral, 
Casein and glue were used as the adhesives in the coating tests, 
When the casein mixture was added to the slip of mineral and water 
the resultant mixture was very fluid, whereas when the glue solution 
was added to the mineral slip the mixture was very thick and plastic, 
The coating did not hold well; that is, could be easily picked off. It 
was thought that the loss of binding quality of the adhesive was caused 
by the alkalinity of the mineral matter. (The chemical analysis, 
p. 1191, shows the lime content of the mineral to be very high. 

It was thought that the addition of alum might give a product 
having some of the characteristics of satin white (a prepared com- 
pound of aluminum sulphate and lime used as coating material), 
therefore, preliminary tests were made to determine the amount of 
alum required to neutralize the alkalinity of the mineral. For 100¢ 
of mineral 200 g of alum was needed to make the mixture neutral. 
Coating runs were made, but the binding quality of the coat was 
still unsatisfactory. 

It is believed that mineral No. 5 is unsatisfactory for use as a 
coating material when casein or glue is used as adhesive and handled 
in accordance with the usual coating procedure. There is a possi- 
bility that with a special adhesive, one that could be employed when 
considerable alkali (lime) is present, it might be suitable for coating use. 

The color of mineral No. 5 is not so good as most grades of coating 
clays. The greater cost of the material as compared with good 
grades of clay would also doubtless be a deciding factor in its use for 
paper coating. 

(b) ADHESIVES 

The amount of casein employed was, except in one case, 17.5 per 
cent, and of glue 12.5 per cent, based on the weight of the mineral 
being used. The results attributable to these materials were very 
satisfactory, and duplicated those previously obtained. (Tech. 
Paper No. 323.) 

In the work with the starches two different propertions of gum A, 
24 and 18 per cent, based on the clay content, were employed. No 
trouble was experienced in the tests (runs Nos. 149, 150, 154, and 
157) and the adhesive quality of the gum, as judged by the sealing 
wax pick test,® which approximates the sort of surface pull received 
by the paper in the printing operation, was satisfactory. 





———— 


6 The end of a stick of sealing wax is softened by warming and then applied with firm pressure to the 
coating. With the paper held down firmly on either side of the wax, the stick is drawn away from the 
paper bya steady vertical pull. If fibers from the body stock adhere to the wax, it is an indication that 
the coating is firmly bound and should not pick off in the printing process. The test is comparative only, 
and requires that the area of contact between wax and paper be the same for all samples to be compared. 
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In the first series of runs with gum B (Nos. 151 to 153) 24, 18, and 
12 per cent of gum, respectively, were used. There seemed to be a 
tendency for the gum solutions to jell after being added to the clay 
sip. Small jell particles remained in the coating mixture even after 
it had been screened through a No. 200 sieve. Spots of localized 
variations in thickness and translucency (‘‘bird’s-eyes’’) were noted 
in the coated papers and were thought probably to have been caused 
by the jell particles. Graded in regard to the degree of adhesion of 
the coating to the body stock, the papers were in the same relative 
order as the amounts of gum used. 

A greater quantity of water was used in preparing the gum mixture 
for the next runs with gum B. Whereas the ratio had been 1 part 
of gum to 4 parts of water in the previous runs, for runs Nos. 163 
and 164, 6 and 8 parts of water, respectively, were used. It was be- 
lieved that the greater dilution might prevent the formation of jell 
particles, but the coating was no better than that obtained when 
4 parts of water were used. 

In the belief that the chemical preparation of the gum might be 
such that when the mixture is agitated a comparatively long time the 
jell develops in the slip rather than on the paper during the coating 
and drying processes, the coating mixture for the next run (No. 168) 
was agitated for a shorter time, and the interval betv een the adding 
of the gum to the clay slip and the application of the coat to the paper 
was briefer. There was no formation of jell in the coating mixture 
before it was applied to the paper, and none of the trouble experienced 
in the previous tests was encountered.’ 





’ Since the tests were made it has been found that the tendency for the gum to jell during the agitation 
of the clay mixture can be eliminated also by increasing the hydroxy] ion concentration of the coating 
mixture. Reports to the bureau of subsequent commercial mill tests stated the following: 

“Tn light of the experience gained at the Bureau of Standards, where the pH of the coating mixture was 
approximately 8, it was found desirable in commercial mill tests to cook the gum at a higher pH or basicity. 
In the commercial runs one-half per cent, based on the weight of gum, of 26° Bé. ammonia was added to 
the water in which the gum was to be cooked, and the gum was thoroughly stirred in the water before the 
direct steam was admitted for cooking. 'The heating was either continued for a longer period or at a slightly 
higher temperature (approximately 195° to 205° F.) than was used at the Bureau of Standards. It was 
found preferable to judge the completion of the cooking by the color reaction of the gum, which was a deep 
ae ae the cooking was completed. It is believed that the gum has better binding quality when 
handled this way. 

“Further commercial experience showed that it is preferable to add from one-fourth to one-half per cent, 
based on the clay, of 26° Bé. ammonia to the water in which the clay is stirred, as this makes an improve- 
ment in the final coating mixture, in addition to helping to smooth down the clay. When the hot gum 
solution is added the pH of the resulting coating mixture is approximately 10. 

“Operating on the above basis, the formula for commercial runs would be as follows: 





Clay slip Gum 





100 pounds clay. 18 pounds gum. 

75 pounds water. 72 pounds water. 

One-fourth to one-half pound 26° 2 to 3 ounces 26° Bé. ammonia. 
Bé. ammonia. | 














“Coating gums B and C have been successfully used commercially in coating also with mixtures of 
clay and satin white. Due to the fine state of subdivision of satin white and to its somewhat alkaline 
reaction a larger percentage of gum C should probably be used, depending upon the amount of satin white 
admixed with the clay. Unlike the procedure with casein as the adhesive, the clay satin-white slip should 
be at a fairly high temperature when the coating gum is added, as this provides the lower viscosity and a 
better spreading mixture. 

“A typical formula for work with satin-white mixtures is as follows: 





Clay satin-white slip Gum 





75 to 100 pounds water. 228 pounds water. 

100 pounds clay. One-fourth pound ammonia 
200 pounds satin white, (26° Bé.). 

57 pounds coating gum. 








‘tir the clay satin-white mixture for two hours or until perfectly smooth and then add the solution of 
coating gum. To prepare the Pe solution stir cold until gum is Speen evenly, then apply heat by 
direct steam until 190° to 195° F. is reached, maintaining this or a slightly higher temperature for a suffi- 
ciently long period to produce a clear amber-colored solution. Cool the “| solution to 140° to 160° F. 
and add to the clay satin-white slip, stirring continually meanwhile. Then adjust the coating mixture 
'o the necessary concentration and fluidity for application on the coating machine.” 
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Gum C was used for run No. 162. The coating was very satis. 
factory. 

The relative effect of the adhesive on the suitability of the coated 
papers for writing was shown in a general way by writing on the 
papers with a pen and ordinary blue-black ink and noting the ease 
with which the operation was effected and the definition of the lines 
In each case the quality of the writing was satisfactory, but the 
casein-bound coatings offered the least resistance to the mechanical 
action of the pen, the effort required in execution being greatest 
where starch was the adhesive employed. 


2. PRINTING TESTS 


rinting tests were made at the Government Printing Office on the 
coated papers. The cooperation of the Government Printing Office 
in making the tests, which were an important part of the investiga. 
tion, is gratefully acknowledged. 

The experimental coated papers were substituted for the regular 
stock being printed by the half-tone process. No changes were 
made in the printing machine or the inks. The tests showed the 
coatings to be well bound to the body paper and of very good 
printing quality. Equally good results were obtained with the 
American and foreign clays and with the three different kinds of 
adhesives, although the starch-bound coatings may possibly have 
absorbed somewhat more ink. Both starch and glue coatings have 
generally been found to have less water resistance than casein coat- 
ings and, therefore, may possibly not be suitable for lithographic 
processes requiring a high degree of water resistance.’ 


VI. CONCLUSIONS 


The tests indicate the following general conclusions relative to the 
materials studied. ; 

1. Present methods of refining American clay have improved its 
color, fineness, and suspension quality. American clay that had been 
washed and Pent tet treated compared favorably with foreign 
clays as paper-coating mineral. Diatomaceous earth compounds 
having a large lime content are not satisfactory when the coating 
mixtures are prepared by the usual procedure. 

2. Graded as to their clay-suspending property, the adhesives used 
are in the following descending order—starch, casein, and glue. 
Graded as to the suitability of the coatings for ink writing the appar 
ent order is casein, glue, and starch. 

3. Starch coating mixtures are not as free-flowing as mixtures in 
which casein or glue are used as the adhesive, but the starch mixtures 
used in the tests _ and brushed out satisfactorily. 

4. It is doubtful whether modified starch has auite as strong ad- 


hesive quality as casein or glue, but all sheets of the foregoing tests 
containing 18 parts of starch per 100 parts of clay were entirely 
satisfactory in this respect, judged by either the sealing wax pick test 
or the printing experiments. Results reported for subsequent 0" 
mercial tests were in agreement with those obtained at the bureau. 





§ Reports on a variety of commercial printing tests indicate, however, that “‘the gum-bound coatits 
does not readily leach off, and this feature seems to explain its adaptability to most fithographic work 

* Commercial printing tests on the commercially coated papers (footnote 7, p. 1201) were reported as satis 
factory even for the papers for which 15 per cent of gum had been used, “‘even for multicolor work usil 
tacky inks, including the tackiest solid black.” 
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5. The surface of starch-bound coated papers appears to be more 
absorbent than that of papers for which glue or casein is used as 
adhesive for the mineral, and consequently ink may penetrate it to 
agreater extent. For this reason it might be expected that printings 
on the starch-bound coatings would tend to be blurred unless special 
care was used in the operation, but this tendency was not apparent 
in the printing tests on the experimental papers. 

The manufacturer of some coated papers may wish to use casein in 
order to give his paper good printing quality regardless of whether 
the paper is dampened. A high degree of water resistance is not 
required for a large majority of printing papers, such as book, maga- 
zine, and catalogue, however, and starch-coated papers could appar- 
ently be used for these very satisfactorily. 

6. Notwithstanding its lack of water resistance, modified starch 
has a number of attractive qualities. It is clean, does not have an 
unpleasant odor, and is cheap. When comparing the price of casein 
with that for glue or starch, the cost of solvents for the casein must 
also be taken into consideration, although in the case of starch, the 
greater percentage required reduces the cost differential somewhat. 


WASHINGTON, September 30, 1930. 
18296°—-30———2 
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THE STRUCTURE OF THE SPECTRUM OF SINGLY IONIZED 
ZIRCONIUM 


By C. C. Kiess and Harriet K. Kiess 


ABSTRACT 


Seventy-five per cent of the lines observed in the spark spectrum of zirconium 
have been classified as combinations between terms of the quartet and doublet 
systems of Zr II. The terms which have been found are in all cases those required 
theoretically for an atom with three outer electrons. All the terms, except one, 
which can possibly arise from configurations of the electrons when they occupy 
44, 5s, and 5p orbits have been found. Of the terms possible when one of the 

ectrons removes to a 5d or 6s orbit oniy a few have been found, of which some 
orm Rydberg series with the low terms. In all, 10 pairs of series-forming terms 
ave been detected with either *F, 'G, or !D of Zr III as limit. The results given 
by these different series for the distance between a*F,., the lowest term of Zr II, 
aid @Fo, the lowest term of Zr III, are very consistent, the mean value being 
113,175 em~!, corresponding to an ionization potential of 13.97 volts for the ion 

The irregular doublet law shows a close parallelism between the term 
structures of the neutral Yt atom and the singly ionized Zr atom. The list of 
Zr II lines appearing in the sun is extended and includes lines which have not 
been observed in laboratory sources but may be calculated from permissible 
ombinations. 


CONTENTS 


. Introduction 

. Experimental 
1. Wave lengths and intensities 
2. Zeeman effect 

. Structure of the first spark spectrum 
1. The term systems 
2. The Zeeman effects 
3. Interpretation of the observed terms 

: 4. Series and ionization potential 

. Ionized zirconium in the sun 


I. INTRODUCTION 


The analysis of the first spark spectrum of zirconium presented in 
his paper is a part of a general investigation of the spectra of this 
tlement in progress for more than a decade at the National Bureau of 
tandards. This investigation had as its object not only the accurate 
lescription of the spectra as far as the available spectrographic equip- 
lent at our disposal would permit, but also the discovery of the 
eries relations which would reveal the structure of the spectra. 
8 a first contribution in the completion of this research a previous 
paper ' by one of us, presents lists of wave lengths from 2,100 A in the 
; tra-violet to 9,300 A in the infra-red which are characteristic of the 
‘atom in its neutral and three ionized states. 


'B. 8. Sci, Papers, No. 548, 22, p. 47; 1927. 
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A second contribution, by Kiess and Lang,’ presents an analysis of 
the spectra Zr III and Zr IV. In this paper the extreme ultra-viole; 
portion of the spectrum as observed with a vacuum spectrograph js 
described, and the classification of the lines, as characteristic of the 
doubly and trebly ionized Zr atoms, is shown to be in strict accord 
with recent theories of spectral structure. 

With the new wave-length data at our disposal, we soon found 
many pairs of lines separated by constant wave-number differences 
which have since proved to be term separations of Zr I and Zr II. 
With the clue to the nature of complex spectra which was furnished 
by the work of Catalin * on Mn. and of Fri. Gieseler * on Cr, we were 
able to link together many of the constant difference pairs into more 
or less fragmentary multiplets. However, progress was slow, for 
there were no temperature classifications of the lines available at thet 
time, and the interpretation of the anomalous Zeeman effect had not 
yet been found. So we turned aside from Zr for a while and devoted 
our attention to the spectrum of Ti for which temperature classifi- 
cations were available, and in which we expected to find a small-scale 
pattern of the Zr regularities. 

Following our work on Ti,’ which in the meantime had been 
advanced as a result of Landé’s ®° quantum theoretical interpretation 
of the anomalous Zeeman effect, we returned again to the Zr spectra. 
The Zeeman effects observed by Moore ’ were now interpretable, and, 
through the kindness of Dr. A. S. King, of the Mount Wilson Observs- 
troy, we had an advance copy of the results obtained by him and Miss 
Carter ® for the temperature classification of the Zr lines. Little 
difficulty was now experienced in placing most of the stronger lines 
into mutiplets of the quintet and triplet systems of Zr 1° and of the 
quartet and doublet systems of Zr II.'° 


II. EXPERIMENTAL 
1. WAVE LENGTHS AND INTENSITIES 


When the analysis of Zr II had progressed far enough to account 
for nearly all the strong lines in the published tables of wave lengths, 
it was seen that additional observations in the ultra-violet shorter 
than 2,100 A were desirable. The Hilger EL, quartz spectrograph 0 
the Bureau of Standards was, therefore, adjusted to record the region 
down to 1,900 A, and new observations were obtained with it of both 
the arc and spark spectra. In addition to these prism spectrograms, 
a few more were obtained with the spectrograph carrying the concave 
grating ruled with 20,000 lines per inch. The wave lengths derived 
from these more recent plates have been averaged with those already 
published in the lists referred to above, and are presented in the 
second column of Table 2 of this paper. This list of wave lengths 
supersedes that published in the earlier paper. Faint lines omitted 
from Table 2, but present in the earlier list have been found to be 





2? B.S. Jour. Research, 5, p. 305; 1930. 

3 Phil. Trans. Roy. Soc., A 223, p. 127; 1922. 

4 Ann. der Physik (IV) 69, p. 147; 1922. 

J. Opt. Soc. Am. & Rev. Sci. Inst., 8, p. 607; 1924 

6 Zeit. fiir Physik, 15, p. 189; 1923. 

7 Astrophys, J., 28, p. 15; 1908. 

8 Astrophys, J., 65, p. 86; 1927. 

* Popular Astronomy, 31, p. 647; 1923; 33, p. 255; 1925. 

0 J, Opt. Soc. Am. & Rev. Sci. Inst., 12, p. 427; 1926; 14, p. 140; 1927, 
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rious or are due to impurities. The letters b and B following the 
ensity estimate indicate that the line is nebulous, and the letter / 
jat it is asymmetrically shaded toward the red. Some of these 
ymmetrical lines closely resemble unresolved band heads, but there 
no evidence of band structure on the plates. 
Some of the newer spectrograms were given prolonged exposures so 
hat a finer discrimination could be made of the intensities than is to 
» found in the published lists. On the grating spectrograms all the 
tong lines show ghosts of the Rowland type. In a study of the 
hosts produced by the Bureau of Standards gratings " the ratio of 
he intensities of parent line to first ghost was set equal to 10:1 for 
he first order spectrum, and 10:3 for the second order spectrum. 
ines which were not strong enough to show ghosts were assigned 
ntensities ranging from 0 to 9. Lines with ghosts of intensity 0 to 1 
vere assigned an intensity 10. The intensities of all stronger lines 
rere obtained by multiplying the estimated intensities of their ghosts 
by the above ratios. The intensity scale for the prism spectrograms 
vas obtained from the scale set up for the grating plates in the region 
rom 2,200 A to 3,100 A, which was photographed by both spectro- 
raphs. The intensities thus derived are entered in Table 2, where 
hey are compared with similar estimates made by King from arc 
pources. 
2. THE ZEEMAN EFFECTS 


New observations of the Zeeman effect have also been made for 
his investigation. In 1924 the late Prof. B. E. Moore, of the Uni- 
asity of Nebraska, made for us several exposures with the magnet 
nd spectrograph of the Brace Laboratory. They were made on long 
‘rips of Eastman ordinary and panchromatic films and covered the 
eion from 7,000 A in the red to 3,200 A in the ultra-violet. The 
urce employed by Moore was a spark maintained by a 5,000-volt 
transformer between electrodes of carbon which had been impreg- 
hated with zirconium solutions. The field strengths were of the order 
i 28,000 gausses/em? and were derived from measurements of the 
dium D lines and the calcium H and K lines which appeared as 
mpurities on the films. All the films were measured and reduced at 
be Bureau of Standards. 

Quite recently the Bureau of Standards obtained a water-cooled 
lectromagnet of the Weiss type. Preliminary experiments with it 
n conjunction with the large grating spectrograph have given some 
ey excellent results for several elements, including zirconium. The 
urce was a condensed spark maintained by a 2,500-volt transformer 
between metallic Zr electrodes mounted in brass holders. With a 
urent of 150 amperes on the magnet a field strength of 32,300 
ausses/em? was attained with a 7 mm gap between the poles. Both 
he parallel and normal components were obtained in juxtaposition 
hu the spectrograms by means of a Wollaston prism. The zinc and 
pper impurity lines which appeared on the plates proved very 
iseful in calculating the field strength. The region covered by these 
tcent observations extended from 4,100 A to 5,900 A in the second 
der of the spectrograph. Some ultra-violet lines of the overlapping 
hird order spectrum were thus obtained. 





"J. Opt. Soc, Am, & Rev. Sci. Inst. 6, p. 417; 1922. 
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To secure additional Zeeman effects for lines i 
some observations were made with the Hilger £, 
spectrograph also. The resolving power of this instru 
third that of the large grating spectrograph and, therefore, the result 
obtained with it do not attain very high accuracy. Nevertheles 
Shenstone and Blair * have found such Zeeman effects observed } 
them with a similar instrument quite serviceable in the interpretgti, 





| | | 

: Zz 
of Ag II and other spectra. The exposure times are short, rangi 
from a few seconds for the most intense lines to 5 or 10 minutes {0 
lines listed in Table 2 as of intensity 3. This fact makes it possiblf 
to use higher currents on the magnet and narrower gaps between tlt 


pole pieces, thereby securing the additional resolution of the magnet 
pattern afforded by stronger fields. With a current of 160 amper 





12 Phil. Mag. (VID), 8, p. 765; 1929. 
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a5 mm gap between the poles a field strength of 35,500 
yssesjem? was maintained. The Zeeman effects thus obtained 
this investigation lie between wave lengths 3,061 A and 2,449 A, 
(are appropriately marked in Table 2 with the suffix &. 


II]. STRUCTURE OF THE FIRST SPARK SPECTRUM 
1. THE TERM SYSTEMS 


It was mentioned above that the first regularities detected in the 
; spectra were pairs of lines separated by constant wave-number 
ferences. Of these, Av=559.5 and 448.8 were observed to link 
vether many of the strong lines in the near ultra-violet. Even- 
ally these Av’s were found to be characteristic of a low *F term in 
mbination with higher D, F, and G terms of the quartet system. 
fact, the four lines at wave lengths 3,572.47, 3,496.18, 3,438.23, 
d 3,391.96, which were designated by de Gramont ™ as the raies 
times of Zr in the photographic region, constitute the principal 
wonal of the multiplet *F—*G°. The theoretical interpretation 
the spectrum, given below, confirms de Gramont’s characterization 
these lines. 
With the basic term of the spectrum established, it was soon 
sible to locate the low *P terms and the second low *F term. The 
entity of these terms was verified by the Zeeman effect. The 
ublet system was more difficult to unravel, but several well-ob- 
rved Zeeman patterns in Moore’s list enabled us to fix with cer- 
inty the low P, D, F, and G terms, and to connect them with the 
artet terms already found. Of the doublet terms a*D is lowest, 
ing in the term diagram just above the second of the low ‘*F terms. 
he terms which have been found to account for the spectrum of 
rare givenin Table 1. Figures 1 and 2 show graphically the rela- 
ons between these terms. The symbols used in defining the terms 
e those recently proposed as standard by Russell, Shenstone, and 
urner.'* 





% Compt. Rend., 166, p. 365; 1918, 14 Phys. Rev., 33, p. 900; 1929, 
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| Spectrum of Singly Ionized Zirconium 1213 
The lines belonging to Zr IJ and their classifications are given in 
ible 2. In the first column is given the = number of the line, 
ie ull significance of which is to be seen in Table 3, which, at a glance 
}ows the term combinations of the different multiplets and also the 
mber and types of terms with which any particular term combines. 
hus, for example, it is seen that the term aD, the lowest of the 
ublet system, combines with every odd term of the middle groups 
sept 27H° with which combination is impossible owing to the 
<trictions imposed by the selection principle for inner quantum 
mbers. ‘The wave lengths of all the lines entered in Table 2 were 
rived from measurements of Bureau of Standards spectrograms, 
xcept the last 9, which were measured by Lang on the plates obtained 
him with the vacuum grating spectrograph of the University of 
berta.® Of more than 900 lines in the table, 75 per cent have 
on classified on the basis of the terms of Table 1. Of the unclassi- 
od lines (210 in number) some may be due to impurities and a few 
ay belong to Zr III and Zr IV; but there is good reason to believe 
hat most of them properly belong to Zr II. Many of them possess 
he property of being nebulous. In spectra which have been fairly 
el worked out such lines invariably result from combinations of 
igh terms with those of the middle group. Similar term combina- 
ons would satisfactorily account for them in Zr II. Indeed, a few 
rms of the high group have been found which combine with middle 
rms, and the lines resulting therefrom are nearly all nebulous. 
not easy to establish the high terms, because satellites are usually 
hissing, and only rarely does a high term combine with more than 
pe of the lower terms. No Zeeman effects are available to interpret 
ch lines, and the best one can do is to estimate their origin from 
heoretical considerations. The theoretical origin of these unassigned 
es is discussed more fully in a subsequent paragraph. 





TABLE 2.— Wave lengths in the spark spectrum of Zr 
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TABLE 2.— Wave lengths in the spark spectrum of Zr—Continued 
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TABLE 2.— Wave lengths in the spark spectrum of Zr—Continued 
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TABLE 2.—Wave lengths in the spark spectrum of Zr—Continued 
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3, 934. 
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26, 361. 
26, 428. 52 


26, 431. 
26, 503. 


| 26, 503. 77 


26, 532. £ 
26, 540. 


26, 603. 78 
26, 609. 73 
26, 647. 74 
26, 654. 50 
26, 687. 80 


26, 743. 77 


26, 793. 01 
| 26, 803. 92 


26, 818. 45 | 


Term com- 
binations 


0 Pi-w? Dix 
@Do-2’F ing 


@P15-2’D3ig 
b*Fax-24Giy 


bb? Pin-w? Dix 
@Di5-2°F ig 


atPox<-y? Dis 
a? F3x4-2'F ig 


@Foy-2’Dis 


b'F i¢-2'Ging 


bPoxy-w? Dig 
6? Dox-2' Diss 
6? Pi4-2? Pig 

a@Di4-2'F ix 


b° Fax’ Dig 


bt Fgi5-24G fg 
WF 34-w’? Diy 
@Has-y’Fisg 
@Dx<-2?Disg 


bt Pos-2?P iy 
b*F a4-2'Giss 
a? Dogz! Fig 
a? Doy,-2? Fig 


b'Doy-2' Diss 


b'Fyx5-24Gig 
C?Da-y? Ging 


a? Pi5-24 Diy 
a?F 3y5-2"Dig 


b'Pix¢-2? Pig 
8'°G35-2' Dis 
@Di-2?Din 
bt Fax5-2? Fang 
bDiy-T' Diy 


a? Poy-2'‘Dix 
a? Diyg-24 Fig 
@WG44-2Gixsg 
b§Poy-2? Pig 
CDix-y’Pix 


a? F 345-2! Dig 
a’Piy-24Dis 


a F o4-24 Diss 
a? Poys-24* Dig 
OF a35-2'Gisg 


CDax-y’ Piss 
bt Pox-2? Ping 

a?Gai5-2’Gis 
@Doy,-2?Dir, 
OP Gs-y’Gisg 


a? Dayg-24*F ig 





PGgu-y’ Ging 
bt Fys-2? Fig 


&’G -’ Gig 


| 


| Observed 
} Zeeman 


effects 


(0.75) 1.08 
(0.00) 1.00 A! 


(0.00) 0.91 


(0.00w) 1.78 
(0.56) 1.04 


(0.00) 1.10 
(0.00) 1.00 


(0.22) 0.74 


(0.00) 0.85 


(0.00) 0.95 


(0.00) 1.12 


(0.00) 1.30 
(0.00) 1.62 A? 


(0.00) 0.83 


(0.00) 1.40 


(0.00) 1.04 
(0.00) 1.18 


(0.00) 0.91 
(0.00) 1.15 
(0.00) 1. 07 


(0. 00) 1. 32 


(0. 00) 0. 87 
(0. 00) 1. 68 





(0. 00w) 1. 44 
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Theoretical 
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effects 


0.83, 0.88, 8 


(0,10, 0.29, __.) 
1 62, 1.81, 2, 00 
(0.17, 0.51, 0, 86) 0; 4, 
0.69, 1, 68, 1.37,1.71 


(0, 09, 0.26) 0.31, 
0.49, 0.66, 0, 88 
(0.07) 0.73, 0,87 


(0.20, 0, 66) 0.20 
0. 60, 1.00 


(0, 08, 0.09) 0.77, 
0.83, 0.89, 0, 94 


(0, 02, 0.07, 0.11 
0. 87, 0.92, 0.96, 


(0, 03, 0.09, 0.14 
1, 00, 1.06, 1.11, 


(0.00) 0.80 


(0,11, 0.34) 0.6%, 
0.91, 1.14, 1.37 
(0, 11, 0.33, ...) .. 
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(0.07) 0.73, 0, 87 
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sae of Oe . 
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1. 44, 1. 67, 189 





kiess | 
Kiess 


Key 


No. 








Spectrum of Singly Ionized Zirconium 
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| 26, 911. 94 
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26, 943. 12 
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27, 032. 74 
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27, 073. 51 
27, 146. 


27, 168. 86 
27, 174. 25 


27, 205. 09 
27, 220. 57 
27, 230. 73 
27, 251. 66 


27, 259. 54 
27, 262. 07 


27, 298. 69 
27, 304. 73 


27, 307. 79 
27, 347. 83 


27, 378, 23 
27, 384. 01 
27, 491. 46 
27, 513. 98 
27, 540. 16 
27, 

27, 656. 26 
27, 666. 65 
27, 669. 35 


27, 676. 02 
27, 678. 39 


27, 713. 00 
27, 770. 58 


27, 856. 55 
27, 860. 27 
27, 862. 91 
27, 908. 80 
27, 938. 91 
27, 949. 38 
27, 979. 02 
27, 983. 88 
28, 017. 83 
28, 039. 29 





Term com- | 
binations | 


@Fou-z4Diy | 
btFog-2'Fhig | 

| 
b§Pisg-y* Diss 
@Diy-2Disg 


OF 35-2? Fxg 
e?Dasg-z? Dig 


a F 15-9? Dig 


@G4y4-2Gisg 
bt F4x4-2*Ging 


at P334-2?Sbxg 
a? Foy-24Dixy 


CDiy-2’Dig 
&Dox-y? Piss 


bIFyx¢-z' Fig 
at F314-2'G iis 
aFny- Diss 
btF 44-24 Fug 


a?Poy-y’ Dig 
bt F 314-2? Fig 


&Dix-y? Piss 
&’Dox-2’?Dix 


a?Pi3¢-9’ D356 
@G3y4-2Gix 


CD1y4-2? Dig 
a*Sou-w? Piss 
bt Faxg-2*F ig 
b'Doy-2? Ding 
b'Fay-2’? Ding 
BG45-2?7 Hig 
b1Foy-2'F ing 
a’ F44-y’? Diss 
atF o14-24Gdrg 


a*Sou-w? Pig 
b?G3u5-2"7 Hig 


b#Pore-24Sing 


C’Day-2°F ig 


at Po15-2? Pig 
bP 314-2?Dixg 
OF 34-2?Dirg 
BDi4-9'Pisg 
bt Pirg-24Sing 

OF 346-24 Fg 
8 F iy5-24 Fg 
atF y4-2'*Gisg 
@F 315-27Ghx 





&Disy-2’ Diss 


Observed 
Zeeman 
effects 


| (0. 00w) 1.43 


| (0.00) 1.31 


(0.00) 1.12 
(0. 39) 0. 58 
(0. 00) 0. 93 


(0. 00w) 1. 55 


(0.00) 1.19 
(0. 00) 0. 82 


(0. 00w) 1. 57 
(0. 00) 1.60 
(0. 68) 1. 34 
(0. 00) 1. 54 


(0. 00) 1.18 
(0. 00w) 1.70 


(0. 00) 1.04 


(0. 86) 0. 94 


(0. 37) 0. 53 
(0. 00) 1. 06 


(0. 00w) 1.33 
(0.00) 1.02 


(0. 00) 1. 54 

(0. 00) 1. 50 

(0. 26) 0. 52 

(0. 25) 1.81 

(0. 00) 1. 25 

as « en? aoag WT, 
codon) 098 A? 
(0. 81) 1.05 

(0. 00) 0. 84 





Theoretical 
Zeeman 
effects 





(0, 31, 0.94) 0.09, 0.71, 
1. 34 7 


y ae 


(0, 20, 0.60) 0.60, 1.00, 
1. 


nae 


(0, 03, 0.09, 0.14) 1, 00, 
1. 06, 


(0.00) 1.11° 
(0, 03, 0. 09,0. 15, --) 
1. 00, 1. 06, 1. 12, _- 


(6. -; "ex'y 00, 1.13, 

(0. oD) 0. ‘0 

(0, 03, 0.09) 0.77, 0.83, 
0.8 94 


(0, 10,0. 31,0.52) ..- 
1, 34, 1. 55, 1. 76 


(-.. 0.24, 0,38) -.. 
1. 10, 1, 19, 1. 29, ..- 
(0. 07) 0. 73, 0, 87 


(Aidt, 6 3...) ... 
1. 44, 1. 67, 1, 89 

(0, 20, 0.60) 0.60, 1.00, 
1. 40, 1, 

(0. 67) 1. 33 

(68, O34 ...) «.. 
1, 48, 1. 57, 1, 67 


(0. 00) 1. 20 
(0. 11, 0.34) 0.69, 0.91, 
1. 14, 1, 37 


(0. 00) 1. 03 


(0.23, 0.69, 1,14) ..- 


(0. 20, 0.60) 1. 00, 1. 40, 
1. 80, 2. 

ere 
1. 06, 


y Ae er 


(0, 13, 0.40) 1.20, 1.47, 
1. 73, 


« (05 he 

(0. 02, 0. 06, 0.10) - 
1. 22, 1. 26, 1. 29 

(0.20, 0, 60) 0.20, 0, 60, 
1.00 


(0.13, 0, 40) 1.60. 1, 87, 
2. 13 


(0.00) 1. 24 
(0, 31, 0.94) 0.09, 0.71, 
1. 34, 1,97 


(0. ry 0.26) 0.31, 0.49, 
0. 66, 0, 83 

( 0.64, 0.89) --- 
0. 76, 1, 6, 1. 27, -.. 

(0. 00) 0. 80 
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TABLE 2.—Wave lengths in the spark spectrum of Zr—Continued 





| 
| 


AL A. 


Intensities 


B.S. | King 





3, 561. 11 


| 3, 556. 61 





3, 554. 09 
3, 551. 94 


3, 549. 51 


3, 542. 65 
3, 539. 05 
3, 536. 94 
3, 530. 85 
3, 529. 99 
3, 527. 42 
3, 525. 81 


3, 520. 87 


3, 496. 18 
3, 485. 31 
3, 483. 54 
3, 481. 44 
3, 481. 14 


3, 480. 40 
3, 479. 39 


3, 479. 02 
3, 478. 50 
3, 478, 29 
3, 471. 14 
3, 469. 94 
3, 463. 02 
3, 459. 95 
3, 458. 93 


On oO 


_ 


2 | 
2 | 
4 
2) 
3 | 
2 


— 











17 
66 
59 
62 


88 


28, 073. 
28, 108. 


28, 128. 
28, 145. 


28, 164. 


28, 219. 42 
28, 248. 
28, 264. 
28, 313. 
28, 320. 
28, 341. 


28, 354. 


13 


98 


63 
26 
20 


28, 393. 


28, 444. 
28, 460. 


28, 469. 
28, 478. 


28, 500. 
28, 510. 
28, 514. 
28, 517. 
28, 518. 
28, 562. 


28, 566. 


98 
31 
26 


34 
18 


91 
50 
08 


28, 580. 
28, 587. 
28, 594. 


28, 683. 67 
28, 698. 25 
28, 715. 56 


76 
50 


28, 718. 03 


28, 724. 14 
28, 732. 47 


28, 735. 53 
28, 739. 82 
28, 741. 56 
28, 800. 76 
28, 810. 72 
28, 868. 29 
28, 893. 91 
28, 902. 43 


Term com- 
binations 


Observed 
Zeeman 
effects 





bt Paxg-y' Ding 
(ee om 
bs Fag-24F ing 
U4 Pore-z!8ing 
a’ ¥34-24Gins 


64 Payg-2' Piss 


6? Gay-2*Hisg 
ODiy-2? Dh, 
bt F o4-2?Darg 
&Gay-2? Fig 
b'Pi34-24Pixg 
BDoy4-2? Fix, 
b'Foy-24 Fir, 
{scp Dis 
a Po-yt Fix 
BG3y-2° Fis, 
at P 314-2? Poy, 


CDox-y' Phy 
@Do-y’Di 


at P35-y'* Dor 
bt Poxs—24 Phirg 
bt Pox¢-24 Pig 
at FB yx-24Girg 
@H535-y°Girg 
CDi y4-2?F ig 
OF 315-24 F jug 


be Poxy-2'P irs 
at Pis5-y* Diss 


b'F 4-2’? Dig 
at F 23¢-24G fxg 


at Pox¢-2? Phx, 
fa? Py1<-2*Shrg 
(6? Dow-2? Fxg 
a'Pi3¢-y' Fig 
@F346-2°Gix, 


a Pos<-y* Diss 
a? Fox6~-2?G hug 


aE 
atF 3-2? Firs 
BG3u-2°F his 
atPo-94 Fh 5 
a? H434-y’Gig 
MH ys-y*Ging 
@Pyy-y' Diss 





ho. 00) 1.31 


(0. 37) 1. 55, 2. 39 
(0.69) 1.14 


(0.00) 1.44 


(0.00) 1.11 
(0. 00) 1. 59 
(0. 00) 1.12 
(0. 00) 1. 06 
(0. 41) 1.09 
(0. 00) 1. 06 
(0. 00) 1. 53 


0. 00) 1.73 


(0.00w) 1. 55 
(0. 81) 0. 96, 2, 48 


(0. 00) 1. 70 
(0. 80) 1. 27 


(0.00) 1.13 
(0. 00) 0. 94 
(0. 00) 1. 48 


}o 36) 1.33, 2, 26 
(0.00) 1.60 


(1.05) 1.72 
Ja 34) 0.98, 





((0. 00) 1.09 


(1. 80) 1. 44 
(0. 00) 


(0. 00) 
(0. 00) 


0. 90 
0. 90 
1, 47 
(0.00) 1.93 
(0.00) 0. 93 
(1. 20) 1. 43 


(0.00) 0. 95 





(1.05) 0.63, 1,37, 2.02 | (0.27, 


Theoretical 
Zeeman 
effects 


Nt 


(0. 00) 1. 33 


(0. 83) 1,67, 2.93 
0. 64, 0, 89) 
0. 86, 1, 11, | 
(0, 07, 0.20) 1, 40, Lid. 
1. 67, 1. 80 : 


a, 0.03, ___) 1,00, 

(0, 20, 0.60) 0.60, 1, 

(0.09, 0. 26, 0,43) 
0.94, 1, 11, 1, 8 

(0, 02, 0. 05, ---) 1.0, 
1. 03, 1. 06, 

(0. 47) '1, 27,2. 

(0, 03, 0.09, 0.14) 1,0, 
1. 06, 1. 11 


(0, 10, 0.31, 0.52) 
1. 34, 1. 55, 1.6 


(0, 20, 0.60) 0.60, 1.04, 
1. 40, 1, 86 
(0. 87) 0. 87, 2.60 


(0. 00) 1. 60 
- 0. 57, 0.7%) ... 


{ " 1,40, 1. 80, 2, 20 


(0,02, 0.07, 
0, $7, 0. 92, 0.96, 
(1.00) 1. 67 


(0. 33) 1, 00, 1. 67 


0.20) 1.44, 
1. 54, 1. 67, 1.80 


(0, 19, 0. 57, 0.9)... 
1, 43, 1. 81, 2, 19 
(0, 62, 
--- 0. 90,0. 





0,80) 0.%, 
2. 00 





Kiess 


Kies 


2 | 3, 359. 96 


Ba 


| 3. 454. 57 
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TABLE 2.—Wave lengths in the spark spectrum of Zr—Continued 





Intensities 


B.S. | King 


Term com- 
binations 


Observed 
Zeeman 
effects 


Theoretical 
Zeeman 
effects 








3, 457. 56 
3, 443. 57 
3, 438. 28 
3, 437. 16 
3, 433. 90 


3, 432. 41 
3, 431. 57 


3, 430. 53 


3, 424. 82 


3, 419. 10 
3, 414. 65 


3, 413. 39 
3, 410. 26 
3, 408. 09 
3, 404. 84 
3, 403. 69 


3, 402. 52 
3, 399. 36 
3, 396. 66 


3, 396. 34 


3, 394. 63 
8, 393. 12 
3, 391. 96 
3, 388. 29 
3, 387. 87 
3, 378. 30 
3, 377. 45 
3, 376. 25 
3, 374. 71 
3, 373. 42 


3, 369. 27 
3, 367. 81 
3, 363. 81 
3, 362. 70 








18296°—30——3 





28, 913. 
28, 938. 
29, 031. 


88 
91 
34 


29, 076. 43 


29, 085. 
29, 113. 


29, 125. 
29, 132. 


29, 141. 


29, 190. 
29, 191. 
29, 198. 
29, 239. 


29, 277. 


73 
09 


73 
86 


69 


27 
81 
80 
ll 


21 


29, 288. 02 


29, 314. 
29, 333. 
29, 361. 
29, 371. 


29, 378. 
29, 381. 
29, 408. 
29, 435. 


29, 449. 
29, 462. 
29, 473. 
29, 504. 
29, 508. 


90 
56 
56 
48 


56 
58 
90 
29, 432. 27 


04 


87 
97 
05 
97 
63 


29, 592. 


29, 599. 


29, 610. 


29, 623. 7 


29, 635. 


29, 671. 
29, 684. 
29, 719. 
29, 729. 
29, 753, 


53 
39 
69 
50 
74 





@Dox.-y? Diss 
atPow-y' Fis 
@O4-y' Fix 
at F'344-24*Gixg 
a? Pox-22Sh14 
a P234-y' Diss 


atPo-y* Dis 
at Py 16-94 Fxg 


bt 45-24Dix, 


atF 234-29 F hy, 
bt Pixg-2*Dhsg 
atF 44-2? F iy 
G4 Fig 


at Poy? Fig 
b*F 334-24Dix, 
@G35-9'Dirs 
6 Foy-24*Dig 
at P 244-9 Fix 


a?H5y4-2°7Hjs, 
bt Pox-2! Diss 
b'F 14-24 Dixy 
ODiy-t? Fi 


atPi.-yt Diy 


b'Pi-z'!Din 
atFoy4-24F ig 
at F434-24 Gis 
atF 4-2? F hug 
@Gs15-° Fig 
OG 334-9 F isg 
b' F314-24Dis 
atPi¢-y? Fig 
atPoy-2*Si 


@Gyy-? Fin 


b'Pag-a*Disg 
OIF 4-24Diyg 
b¢F o4-z!Dixg 
a'Ps-y?F iss 

@Hgys-2Hiy 





(0.00) 1. 20 
(0. 00w) 0. 64 
(0.00) 1.11 
(0. 65) 1. 28 
(1.07) 1.42 


(0. 85) 0,00, 1. 
(0, 29, 0.91) 0, 00, 


(0.00) 1.19 


(0.37) 0.84 


(0.00) 1.82 
(0.00) 0. 78 


(1. 29) 1.40 
(0.00) 1.12 
(0.00) 0. 47 
(0.00) 0. 88 
(0.00) 0. 54 


(0.00) 1. 52 
(0.00) 0. 57 


(0.00) 0. 95 
(0, 30,0. 90) 0. 60 


(0.00) 1. 58 
(0.00) 1. 46 
(0.00) 1.13 
(0, 22,0. 60) 1. 51 
(0.00) 0. 67 


(0. 55) 1.30 

(0. 34) 0,00, 1.00 
(0. 00w) 1.35 
(0.00) 0. 94 


(0. 40) 1.48 

(0. 00, 1.13) 0.79, 1.53 
(0. 76) 1.20 

(0. 00) 0. 00w 

(0. 00) 0. 93 





(0.00) 1.20 

(0,07, 0.21, 

(0,03, 0.10, _..) 
0.94, 1.01, 1.07 

(0. 67) 1.33 

(0. 11, 0.34, 0,57) _.- 
1 


. 26) 2, 68, 1, 72,... 
(0. 73) 0, 47, 


0. 35) 


-) 

1,00, 1.10, 1.19--. 
(0.09, 0. 26, 0,43) ... 
0. 77, 0.94, 1.12, -. 


(6.38, G2, ...) -.. 
1. 62, 1.81, 2,00 
Ge a,” ...) 
0. 67, 0. 80, 0. 92, .. 


(0. 37, 1. 11, 1,86) __- 
(0.24, 0.72, 1.21) 
. 16, 0, 32, 0. 65, - 
(0,09, 0.26) 0.77, 
0.94, 1.12, 1.29 
(0.18, 0.54, 0.90) 
0.35, 0. 70, 1.06, .- 
(0, 09, a 
ah me 1, 1.91 

(0. 20) 0. 20, 0. 69 
(0, 03 oes 09) 0.77, 
0. 83, 0. 89, 0. 94 
(0. 8 r] 54) 0. 83, 
1. 19, 1. 55, 1.92 
(0.27, 0.80) 0.93, 


& 
(0, 31,” 0.94) 0.09, 


1. 00, 1. 03, 1. 06, --- 
(0.11, 0, 34 0.52) -. 


(0.00) 0. 91 
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Intensities 


B.S. |jKing 


Term com 
binations 


Observed 
Zeeman 
effects 








50 
60 


10 
15 


_ 
on 


a em Be OO 


«1 
~ 











| 30, 887. 6 


| 30, 934. 66 


29, 777. 67 
29, 788. 14 


29, 803. 14 
29, 888. 59 


29, 897. 44 


29, 926. 61 


30, 247. 


30, 269. 94 


30, 327. 33 
30, 340. 03 


30, 397. 41 


30, 411. 2 
30, 424. 4: 
30, 425. 5 


30, 435. 


30, SL 61 


30, 561. 

30, 620. 

30, 698. 7 
30, 756. 3 
30, 834. £ 
30, 845. 7 
30, 878. 7 


30, 891. 


30, 953. 
30, 962. 


atF 344-24 F ing 
at F 34-2'F ing 


a? Piy-2’Pixg 
aGu-y' Dig 


b'Pig-2* Dig 


a*F 4-24 F fxs 
a'Py16-24Sirg 


@G334-9? Fix 
a@Dox-2’Gi 
atPa-y' Ding 


bt Fax¢-24*Dix, 
OIF 144-24Dig 
a? Hg35-2*7His, 
a? Pi14-2?Pig 
atF 9-2’ Dix 


a? Pi5-y' Dixy 
a? Fo4-2? Pix, 


atPoy-24Sig 
a? Poy-2? Pig 
@G314-Y' Dig 


at F o36-24F 3x, 
atFoy-2? Fig 


(rae ae 
b*Pax-a' Dix 
at P334-2!Ping 
@Piy4-y' Fin 


a'P 136-2! Pisg 
(eree apse 
OF 145-y*Diss 
a4 P24-2! Ping 
a? H43y¢-2? Hig 


atF yy6-2’Dig 
CDays-w' Dig 
a? Poy-2? Pixs 
at 316-24 Fug 
2Pix-e’Diy 
a? Posy Diss 
a? H46-2* Fig 
b*F ax-y’? Diss 


at F' 436-24 Fig 
atFyy-2'F ig 


a? Diy-2°5b56 
a'Pos-2'P ing 


@F o-y' Fin 
CDiy4-w'Dix 
€?Day-2? Pixs 
atF 2-2? Dixg 
a F 346-9? Fing 
CDiys-w? Ding 


b'Doax-w'? Dix 
atFou-2'F 345 
2?Pix5-€? Dang 
a F s-y' Fis 








(0. 36) 0. 53 
(0. 00w) 1. 56 


(0.00) 1.33 
(0. 00) 0. 57 


(0.00) 1.06 
(0.00) 1. 52 


(0.00) 1,82 


(0.00) 0,71 A! 


(0.00) 1.29 
(0. 42) 1.34 


hoo. 00) 1.73 


(0. 00) 1.61 
(0. 00) 1. 60 


(0. 31) 0. 58 


(0. 00) 1.19 
(0. 00) 0. 62 
(0. 00) 1. 28 


(0. 00) 1.12 


| (0.00) 1.30 | (0. 
| (0,33, 1.00) -_., 1.37, | (0. 31, 
2. 04 


(0. ae. 00, 1. 24 
| (0.46) 1.31 


| (0. 00) 0.98 


(0.00) 1. 24 
p@ 15) 1.00 


| (0.41) 1. 22 





Theoretical 
Zeeman 
effects 


1,19, 1. 55,192 
(0.05, 0.14, - 


(0,09, 0.26, 0.43) 
1.00, 1.17, 1.34, 





(0.00) 1.09 

(0. 33) 1. 00, 1, 67 

(0. ll, 0.34) 0.60, 
0. 91, 1. 14, 1,37 


(0. 67) 0. 67,2. 


(0.00) 1.03 
(0, 06, 0. 17, 0. 20 
1, 20, 1. 31, 1.43 
(a 09, , 0. a 


. 34, - 
(0. rt . 27,2 20 


(0. 00) 1.73 


(0. 00) 1. 60 


(0. 00) 1. 20 
(0. 00) 0. 67 
(0. OO) 1. 24 





CO 008.0 - 


| 0 


(0, 20, 0, 60) 0. 64, 1. 0 
1. 40, 1.80 


(0, 10, 0.31, 0.52) - 
1. 34, 1. 55, 1,76 


(... 0.24, 0.33) 
1. 10, 1, 19, 1.2%, 





—_ 
Kiess 
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3, 222. 48 
3, 218. 68 
3, 214. 19 

| 3, 212. 85 
. 98 

. 32 


. 7 


4, 073. 93 

3, 070. 18 

| 3, 068, 32 
>| 3, 068. 02 








Intensities 


King 








Term com- 
binations 


Observed 
Zeeman 
effects 


Theoretical 
Zeeman 
effects 





31, 023. 07 


31, 059. 70 | 


31, 103. 08 


31, 134. 18 


31, 159. 99 
31, 198. 50 
31, 234. 46 


31, 319. 98 


31, 418. 31 


31, 421. 86 


31, 456. 27 
31, 573. 60 


31, 576. 69 
31, 581, 97 


31, 593. 25 
31, 626. 33 
31, 645. 25 


31, 666. 50 


31, 677. 04 
31, 679. 75 
31, 851. 53 


31, 904. 08 


31, 942. 10 


31, 948, 23 
31, 952. 01 
31, 981. 34 
31, 988. 61 


32, 015, 24 
32, 076. 15 
32, 085. 93 
32, 104. 58 
32, 133. 16 


32, 136. 06 


32, 139. 67 
32, 180. 


32, 256. 8° 
32, 300. 


32, 339. 46 
32, 360. 
32, 363. 
32, 371. 
32, 390. 


32, 437. 
32, 457. 
32, 505. 
32, 515. 67 
32, 522, 23 
32, 561. 95 
32, 581. 69 
32, 584. 87 


| 31, 116. 06 | 


6? Dars-w? Dig 
aPi4-y' D3 
at F33¢-24 Fjye 
a Fou6~yt Fins 
a'P ax6-24 Diss 


atk y4-2?7Diuy 
a*P 16-74 Diss 


| @P iy? F3 
31, 269. 53 | a4 


CD i4-2'?Pix 


| a? F 336-9? Fang 


| 31, 409. 23 | 


a?Dow-2?Pig 


| @Fa6-ytD3is 





a*Pors-2! Diy 
a@Pi4-2*Dix 


a F315-y' Dixy 
at F 436-24 Dig 
a4 P4-74Di, 
a Fay? Fig 
&’Di5-w' Diy 
CD i%-T? Pixs 
a?D14-2?Pix 
a F 46-9! Fxg 
a Po-T'Disg 
a F34¢-24Diss 


aPi-2'Diy 


atFo4-2!Diyg 
a?Dj4-2?Piy 
a? P 36-2! Ping 
at F 34-24 Dors 
@Dis-y' Dixy 
a? F'346-2! Pig 
a’?Gi%-T' Dis 
a@Day-y'Di 
atF 34-2! Dix5 


6° Diy-2? Pig 
at*Pox4-7! Diss 


atF )y%-24*Dis 
atF 6-24Dig 
a? P 9-2! Piss 
aDo-ytF iw 


a P3624 Pig 
@Dys-y'Disg 


b? Pins-w? Pig 


b'Dig-7*P ig 


at 346-2' Diss 








(0.00) 1.15 
(0. 00) 1. 53 
(0. 45) 1.00 


(0.00) 1.14 
(0.00) 1. 02 
(0. 60) ? 


(1. 30) 1.40 
(0. 78) 1.48 


(0. 55) 0.83 


(0. 44) 1. 44 
(0. 29) 1. 00 
(0. 00) 0.85 
(0. 73) 1.05 
(0. 69) 0. 46, 
(0. 00) 1.03 
(0.00) 1.05 


(0.00) 0.91 
(0. 00) 0. 85 


(0. 00) 0.50 
(0. 00) 0.93 


(0. 50) 1.31 


(0.00) 1.19 
(1. 18) 0.00, ?, 
(0. 68) 1.12 





(0. 00) 1. 20 


(0.05,0.14,...)  - 
. 48, 1. 57, 1,67 
(0. 09, 0. 26, 0.43) - 
0. 77, 0, 94, 1. 12, 


(0.00) 1.14 
(0. 07, 0.20) 1. 00, 1. 13, 
1. 40 


1. 27, 1. 
(0. 26, 0. 77, 1,28) -- 
0. 60, 1, 12, 1. 63, -- 
(1. 33) 1.33 
(0. 27, 0. 80) 0. 93, 1. 47, 
2. 00 


(... 9.71,1.08) ..- 
1. 00, 1, 29, 1. 57, - 


(0. 11, 0.34, 0,57) _- 
1. 26, 1, 48, 1. 72, - 

(0. 00) 0. 86 

(0. 00) 0. 80 


(0.27, 0, 88) 0.53, 1.07, 
1. 60 


(0. 73) 0, 47, 1.93 
(0, 07, 0.20, 0.33) 0.91, 
1. 04, 1. 17, -.- 
(0. 18, 0. 54) 6.83, 1. 19, 
1. 55, 1.92 


(--- 0. 48, 0, 67) 
1. 14, 1.33, 1. 52, 


(0, 09, 0.26, 0.43) 1. 00, 
eee ome 

(0. 40, 1. 20) 0. 00, 0.80, 
1. 60 

(0. 17,0. 51,0.86) _.- 
0. 86, 1, 20, 1. 54, 
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TABLE 2.—Wave lengths in the spark spectrum of Zr—Continued 





Intensities 





Term com- 
binations 


Observed 
Zeeman 
effects 


LL 


Theoretical 
Zeeman 
effects 


King 





yiiaetiantsieseen, 


32, 609. 75 
32, 614. 85 


32, 620. 81 
32, 631. 56 
32, 656. 07 


32, 664. 29 
32, 669. 09 


Be 


atFy-2!Dix 
aD 4-9! Fig 
atF 314-9’? Dirg 


BBR 


(0.00) 1.31 Ei (©, 68,0, 08, 0 10) ... 


22, 1. 26, 1, 29 


(0, 11, 0. 34) 0. 69, 
0. 91, 1. 14, 1,37 
(0.00) 1.59 Ey (0. 18, 0.33, ...) ... 
1. 44, 1, 67, 1,89 
; ll 


(0.00) 1.22 Ei (0.00) 1.1 


= 


atFo-y’Di (0.00) 1.25 Ey 


32, 699. 98 


32, 725. 45 
32, 730. 27 
32, 794. 37 
32, 795. 87 


32, 834. 22 
32, 840. 69 


a?Gas-Y? Gis 


a?Guys-y*Girg 
a? Fox4-2' Pi, 
a'Po-y’?Gix 
b?Pixs-w? Pig 


aDox-y’ Fix (0.00w) 1.00 Ey (0.17, 0.51, 0,86 
0.34, 0.69, 1.03, 
1. 37, 1.71 

32, 900. 45 

32, 923. 10 a Du oDie 

a? Day F536 

82, 924.20 ops Ping} 


32, 956, 20 
32, 971. 96 
32, 983. 82 


33, 014. 97 
33, 035. 37 


33, 040. 61 
33, 046. 51 
33, 051. 32 
33, 081. 39 
33, 098. 04 


6? Pox—t0? Pig 
atFiy-y’ Diss 


(0.00) 0.48 Ei 
(0. 59) ? 


(0.00) 0.90 


(0.00) 0. 67 
(0.20, 0.60) 0.20, 
00 


0. 60, 1. 
(0.00) 0. 89 


a?G3¢-9?Gisg 
2B sc-e* F 41g 


a?Ga14-9?G ix 
bt Pirs-9' Piss 
24F3y-€1F ing 
@Piy-t'Din 
@Dir-y Fisg 


(0.00) 1.16 (0,03, 0.09) 0.77, 


0. 83, 0. 89, 0, 94 


(0. 09, 0. 26, 9, 43) -.. 
0. 94, 1, 11, 1. 28, ... 


3, 019. 84 (0.00) 1.07 
3, 019. 50 
3, 018. 53 
3, 018. 08 
3, 015. 86 


3, 015. 67 
3, 013. 66 
3, 013. 32 


3, 010. 28 
3, 009. 85 


3, 008. 13 


33, 104. 72 


33, 108. 45 
33, 119. 09 
33, 124. 02 
33, 148. 40 


atFyy-y’Dix 


24F 34-€'F 316 
C?Doyg-w? Fig 
b'Pisg-y'* Pig 
a? F344-7' Dig 
a? Doy—2'Sisg 


a?Pox-24 Dis 
atPo-y? Ping 


33, 150. 50 
33, 172. 61 
33, 176. 35 


33, 209. 85 
33, 214. 60 


33, 233. 59 


(0,40, 1.20) 0.00, 
0. 80, 1. 60, 2. 40 


b§Pay-y' Piss (0.00) 1.71 Ei 90 (0.00) 1.60 





(0,03, 0.09, 0.14 
1, 00, 1. 06, 1. 11,.-. 


(0. 47) 1,27, 2. 20 


3, 003. 73 33, 282. 26 (0.00) 1. 23 
33, 317. 09 
33, 340. 43 
33, 342. 10 


33, 389. 86 
33, 419. 44 


a Day-y? Fig 
24Fix¢-€4F 216 


b' Posy Ping 
OF 6-2°P hig 


(0.00) 1.53 Ey 


(0.00w) 2.24 E; 
(1. 44) 0.00W Ei 


(0.00) 1.14 Ey 
(0.00) 1.53 Ey 


atF 135-4’ Dig 
33, 433. 97 


33, 449. 19 
33, 459. 71 


aDiy-z4Sin4 
y? Dixg-€? Dag 
b'Piys-y' Pixs 


3, 535. 81 | a?Day-y*Dixs 


OF 256-9! Fig 


(0.00) 1.64 Ei 
(0.00) 1.50 Ey 
(0.00) 1.45 Ei 
(0. 58) 1.18 Ey 


2, 979. 18 33, 556. 52 
33, 569. 02 


33, 585. 49 


2, 978. 07 b' Faxs-9' Fins 


1, 
2, 976. 61 . 71, 0, 91) 


acini (0. 
e . 0. 81, 1, 01, 1. 2l,.-- 
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TABLE 2.—Wave lengths in the spark spectrum of Zr—Continued 





Intensities 





King 


Term com- 
binations 


Observed 
Zeeman 
effects 


Theoretical 
Zeeman 
effects 





2, 975. 16 
2, 973. 69 
2, 972. 79 
2, 972. 50 
2, 969. 63 
2, 968. 95 


2, 966. 27 
2, 964. 55 
2, 962. 69 


2, 960. 57 
2, 955. 77 


2, 955. 53 
2, 952. 23 


2, 951. 46 


2, 949. 81 
2, 948. 94 


2, 937. 74 
2, 936. 31 


2, 934. 62 
2, 931. 89 
2, 931. 08 
2, 929. 10 
2, 926. 99 
2, 925. 62 
2, 924. 63 
2, 922. 93 
2,921. 14 
2, 920. 03 
2, 918. 24 


2, 916. 63 











33, 601. 86 
33, 618. 47 
33, 628. 64 
33, 631. 92 
33, 664. 43 
33, 672. 14 


33, 702. 55 
33, 722. 11 
33, 743. 28 


33, 767. 44 
33, 822. 28 


33, 825. 04 
33, 862. 83 
33, 871. 66 
33, 890. 61 
33, 900. 60 


33, 923. 73 
33, 930. 98 
33, 940. 78 


33, 955. 30 
33, 977. 57 
33, 985. 77 
33, 996. 52 
34, 017. 34 
34, 029. 85 


34, 046. 42 


34, 066. 02 
34, 097. 74 
34, 107. 17 
34, 130, 22 
34, 154. 82 
34, 170. 82 
34, 182. 38 
34, 202. 26 
34, 223. 22 
34, 236. 23 
34, 257. 23 


34, 276. 14 


34, 283. 77 
34, 298. 71 
34, 351. 16 
34, 378. 09 
34, 385. 30 
34, 410. 87 


34, 422. 60 
34, 428. 76 





aP 14-9? Pig 


a'P 16-2? Dis 
@?Do-z' Pixs 


fF ix-y! Dig 
OF yy-y! Fos 

UY? Diss-e? Diy 
atF3-2Gixy 


b'F 216-9! Dig 
B°Ga14-w? Firs 


(ope carts 
a4 Poy.-y? Pig 
atFyy-2’Gixs 


OF 35-4*Disg 


@’G3%5-2°Hi, 


2Gix-eC°'G3% 
a*P 14-2? Dix 


atPoxy-z? Dix 
a? Doy-2' Pig 


27H334-€7I 51, 


bt ayy? Fig 
OF 3y,-y"' Fing 


OF i4-y'Disg 
2Giss-C? Garg 
24G5us-€t Fug 
64 F 314-94 F3x, 
OG asg-w? Fig 
atF 26-227 Gius 


O’Dax-w? Fix, 


a?Gux-2"Hix 


6! Fox4-y! Ding 
OF uxe-y'* Dis 
@G44-2' Fis 
@F 3-9’ Gh 


a F 3346-9’ Gisg 


atB 336-2? G35 
27H334-€7 log 





(0.00) 0. 51 
(0.00) 1.42 


(1.03) 1.38 Ei 
(0.00) 0.95 


(0.00) 1.00 


(0.93) 1.27 E; 
(0.00) 1.30 Ey; 


(0.00) 1.00 


(0.00w) 0.00w E; 
(0. 87) 0.00w Ey 


(0.00) 1.64 Ey 
(0.00) 1.66 Ey 


(0.96) 0.77 Ei: 


(0.00) 1.05 
(0.00) 0.62 Ei 
(0.00) 1.00 KE; 


(0.00) 0.94 
(0.00w) 1.17 E; 


(0.00) 1.41 Ey 
(0.00) 1.00 Ey 
(0.68) 1.02 Ey 
(0.00) 1.07 E, 


(0.00) 1.05 Ey 





(0. 20) 0. 20, 0. 60 
(0.08, 614, ...)-... 
1, 48, 1. 57, 1. 67 


G2: G67, AS ... 

0. 71, 1, 06, 1. 41, __- 
(0,09, 0.26) 0.7%, 
0. 94, 1. 12, 1. 29 


(0, 02, 0.05, 0.08) _- 
0. 90, 0. 94, 0. 97 


.. 6a 2 ... 
1. 00, 1. 22, 


0, 91, 1. 04, 1 Pha 


(O08, G08, .--) ... 
0. 94, 0. 96, 0. 98 


(0.27, 0.80) 0,40, 
0. 93, 1. 47, 2. 00 
(0.93) 0, 18,1. 73 


(0, * At = ee 
1. 62, 1. 81, 2. 00 

(0, 19, 0. 57, 0. 95) - 
1, 43, 1. 81, 2.19 


(0.40, 1.20) 0.00, 
0, 80, 1.60 


ee 0. 05, = ah 00, 


1. 08, 1. 06, 
(0. 07, 0.21, 
0, 54, 0. 68, 0.82, __- 
(0, 08, 0. 08, 0. 14) 
1, 00, 1. 06, 1.11, -_- 


“0. 35) 


0.03,-.) 1. 60, 


. 02, 1. 04_-- 
(0.17, 0.51, 0,86) 
0. oe 0. . 1, 20, - 


1. 54, 1.8 
(0, 05, 014, --) 1,00, 
1.10 


, 4. y--- 


(0, 01, 
1.0: 


(0. 02, 0. 05,...) 1.00, 
1. 03, 


“0. 76, 1, 02, 1. 27, -- 
(0, 02, 0. 05, ...) 1, 00, 
1. 03, 1. 06, --- 


(0, 01, 0. a 6, 03, ...) 
1, 00, 1.0 i, 1.08, ... 
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TABLE 2.— Wave lengths in the spark spectrum of Zr—Continued 








Intensities Sea Observed Theoretical] 
bina: * eae Zeeman Zeeman 
effects effects 





B.S. | King 





34, 446. 07 | a*Pay-z? Fix 
34, 451.18 | b¢Fox-y? Fig 
34, 453. 67 | 6° Diy-w? Fix, =| (0.00 0.72 Ei 


34, 487.90 | b¢F s15-y? Fis (0.00w) 1.14 E; ( 

34, 499. 81 

34, 528.40 | z*Gixg-e* Fag (0.00) 1.12 Ey (0, 03, 0. 10, ___) 0,94, 
1.01, 1.0 


34, 534, 84 | bt Faxg-9* Fxg / 

34, 568. 15 

34, 571. 03 

34, 599.02 | b'Fiss-y'Dix | (0.00w) 2.03 Ky (0,49, 1.46) 0.0, 
0. 


34, 615. 43 | a?Pix-y? Poss (0.00) 1.51 Ey 
‘ 34, 631. 38 | 2?G5x-€?Gsx% (0.00) 0.00W Ey (0.00) 0.89 

2, 884. 57 34, 657.07 | z?Hisc-e?lay (0.00) 1.15 Ey (0, 01, 0. 02, 0.03, ._.) 
--- 0. 96, 0.97, 0, 98 
2, 883. 79 34, 666.45 | a°Gay-29Fixg | (0.57) 1.21 E, (270. 64, 0,89)" 
0. 76, 1, 02, 1. 27, 


--- 0.24, 0,33)... 
1. 10, 1, 19, 1. 29, 


‘ ” a? Di14-7' Diss 
2, 882. 08 3 | 34, 687.02 (eDesDi 
2, 880. 14 34, 710. 38 
2, 877. 56 34, 741. 49 | b¢Fayg-y'Dixg | (0.00) 1.26 KE (... 0.48, 0.67 


1. 14, 1, 33, 1. 52, . 
2, 874. 22 34, 781. 86 
2, 872. 52 34, 802.45 | a*Pay-7? Fig (1. 60) 0.00W E, (0. 37, 1. 11, 1, 86) 0.26 


0. 49, 1, 28, 1.97, 2.71 
2, 871. 85 34, 810. 57 | a*F 134-2?Sbss 
2, 869. 80 ‘ 34, 835. 43 | a*Par-y'Piss (0.00) 1.47 Ey (0, 07, 0. 20) 1, 40, 1.54 
1. 67, 1. 80 
2, 867. 42 34, 864. 35 
34, 882. 47 
34, 886. 36 | b4Fax-y! Fins (0.00) 1.35 E; (0.00) 1.33 
34, 892. 70 | b4Fax~y? Fis 
34, 903. 66 


34, 959. 56 | z*Gixg-e4 Fars (0.00) 0.87 Ei (0,02, 9.07, 0.1 
0, 87, 0. 92, 0. 96, 
34, 975. 21 


34, 987. 45 | 
35, 003. 14 | a?Poxs-y?Pig | (0.00) 0.44 Ei (0.00) 0.67 


35, 023.12 | a?Gay-z°Fig =| (0.00) 0.83 Ey (0, 02, 0.05, 0. 08) 
0. 90, 0. 94, 0,97 
35, 032.45 | 2*Dixs-e?Faxy | (0.00) 1.17 Ei 


35, 053.08 | a*Pis-y'* Pixs (0.00) 1.47 E, 
35, 061.69 | 2'Gis-e' Fare 
35, 088. 52 


35,099.97 | a?F2s-y’Gis | (0.00) 0.93 Ey 


35, 124. 76 | a*Piy¢-2? Fig 

at P2-y'* Piss (0.00) 1. 
atPi-y' Pix (0.00) 1. 
DF 345-24 P ing 


aF34-27Djxg | (0.00). 1.10 Ey 
a*Pix-y’Pixs | (0.00) 0.90 Ex 
@? Diys-w? Ping 


a? F3x4-27 His 
at Poys-y'* Pixs (0.00) 2.51 Ey 


ri) 
5 
2s S28 


g EF BB 


bp 
& 
o~ 
8 


Bes 
88 & 


58 Ey 
68 E, 





PY PYPPpP P pp 
Seo Coe cn 


~] 


2?Hix-e? Has 
a? Pis5-2'? Dig 
at Poxs-y' Pixs 1.52 E, (0. 47) 1,27, 2.20 


SeT= SkSS F SBR 


bt 
= 
aK“ec 





& BSEER BREE 8 EE 


= 
See s 


@Diy-2* Diss 


PREY pp 


2?Dis;-€? F345 
24*Gix-e* F's; 

at Py5-9'*Ping (0.07, 0.20) LM, 
1. 54, 1. 67, 1.80 





hie 

Qe 90 Be oe 
iS 

SHSSS 


Sr 
3100 
om 























kie | 


hiess 
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2, 816. 77 
2, 810. 91 


2, 809. 40 
2, 808. 15 
2, 807. 86 


{2, 807. 13 


2, 806. 68 
2, 805. 71 
2, 804. 78 
2, 800. 10 


2, 799. 16 
798. 71 


NPpp 


Pppprpr 


PRP 


178 | 2, 740. 49 


175 | 


173 | 
179 | 


172 | § 


177 | 


2, 740. 33 


2, 739. 77 
2, 738. 40 


Intensities 


B. 


8. 





Term com- 
binations 


Observed 
Zeeman 
effects 


Theoretical 
Zeeman 
effects 








3b 
15 


SESwrw 


iS 


— he et 
cocoa o 


Ss 


_ 


m OO nS SSrwwe 


2 








35, 491. 31 
35, 565. 21 


35, 584. 33 
35, 600. 17 
35, 603. 84 


35, 613. 10 


35, 618. 81 
35, 631. 13 
35, 642. 94 
35, 702. 51 


35, 715. 50 


35, 720. 24 
35, 732. 11 
35, 743. 10 
35, 750. 77 


35, 791. 73 
35, 870. 96 
35, 884. 48 
35, 891. $2 
35, 914. 64 


35, 923. 93 
35, 939. 82 
35, 998. 83 
36, 004. 79 
36, 036. 46 


36, 057. 12 
36, 105. 57 
36, 107. 00 
36, 123. 70 
36, 131. 92 


36, 137. 28 
36, 196. 41 
36, 219. 89 
36, 236. 96 
36, 294. 97 


36, 297. 08 


36, 310. 00 
36, 318. 97 
36, 323. 72 


36, 340. 36 


36, 347. 09 
36, 354. 89 
36, 367. 59 
36, 383. 86 
36, 407. 71 


36, 425. 89 
36, 451. 79 
36, 464. 95 


36, 478. 92 
36, 481. 18 


36, 488. 64 
36, 506. 89 
36, 554. 41 
36, 582. 77 
36, 620. 15 
36, 638. 54 
36, 659. 63 


36, 666. 49 
36, 718. 47 


36, 735, 33 





O4F y1x4-2¢Phrg 
a@Piy-2? Dig 


a Foxy? Pig 
at Foy-2?P iss 


@*So15-0? Poss 
(oars ott, 
24Gdi5-€* Firs 
2F3y-e? F 315 


a? Fo-2’ Dixy 


a Doy-1' Dig 
a?Pox-2'? Dix 
Pin’ Dix 


27H ix-e? H sy 
24Ghx-et Fase 
atFiy-2? Pig 
@F'3¢-2? Diss 


2Hix-e?H 5 
a F 34-29 F 3x6 


atF 336-9 Fxg 
at F 434-9 Fisg 


at Foyt F iss 
at F 136-2? Pins 
6? Pov? Diss 
atFix-y* Dos 


b4Fax¢-24 Dis 
Fxg? Diy 
atFax4-y' Dig 
b4F 315-2 Disg 
aDay-y?Giss 
227F 345-€7 F 216 


Z4*Gin-€1 F315 
a F 336-4! Ding 


a yy¢-y' Fiss 
at ys-y’ Fig 


a2Dix-9? Piss 
b'Fug-2* Dig 


8 Pix-v’? Ding 
PF ing f?F a5 

atF a-y* Fig 
OF 356-9? Fug 
bP ix4-2'Disg 
atF yx6-y'* Digg 
a*Soxy-t? Pig 


atF si5-y' Fins 
atF yy! Diss 


a? F 314-9! Piss 





(0.00) 1.18 FE, 


(0.00) 1.05 E. 


(0.00) 0.84 E; 


(0.00) 1.11 Ei 


(0.00) 1.15 Ey 


(0. 00) 0. 00w Ey 


(0. 00w) 0. 56 


(0. 00) 0.99 Ey 


(0. 00) 1. 00 


(0. 00) 0.93 Ei 


(0.00) 1. 24 


(0. 00) 1.52 Ey 
(0. 00) 0. 68 Ey 





(0,07, 0.20) 1.00, 
1, 13, 1. 27, 1. 40 


(0, 03, 0. 09) 0. 77 0. 83 
0. 89, 0, 94 


(0. 07) 0. 73, 0, 87 


(0. 00) 1.09 


(0. 00) 1.14 


(0. 13) 0, 27, 0. 53 
(0. 20) 0. 20, 0. 60 


(0,08, 0.26) 0.77, 
0. 94, 1. 12, 1. 29 


(0,09, 0.26) 0.77, 
0. 94, 1. 12, 1. 29 

(0,07, 0. 20,0. 33) 
6. 91, 1. 04, 1. 17, -.- 


(0,07, 0.20, 0.33) 
0.91, 1. 04, 1. 17,..- 


(0. 10, 0.29, ._. 
1. 62, 1. 81, 2. 00 
(0. 07) 0. 73, 0, 82 


(0. 00) 1. 03 
(0, 19, 0.57, 0.95)__- 
1. 43, 1.81, 2.19 


(0. 00) 1. 24 
0.14, 0.24, 
1, 00, 1. 10, 
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2, 711. 


2, 704. 


2, 7! 
2, 699. 





2, 695. 


2, 706. 38 


2, 703. 2% 


2, 702. 92 


2, 694. 0! 


2, 693. 
5 | 2, 692. 
2, 692. 


i ae 
(> 689. 


2, 681.7 


| 2, 680. 
2, 678. 
2, 673. 


2, 673. & 


| 2 670. 
lo 669 
j?, 669. 

| 2, 667. 


| 2, 666. 
2, 665. 


| 2, 662. 5 


| 2, 652. 
| 2, 650. 


2, 649. 


| 2, 644. 
| 2, 643. 
| 2, 642. 

2, 639. 
| 2, 639. 


2, 637. 
| 2, 630. 


2, 602. 


2, 601. 
2, 598. 
2, 589. 


| 2, 586. 
3 ' 2, 586. 


16 
02 
85 
40 





Intensities 


B.S. | King 


36, 832. 


5 | 36, 857. 


DOW We 


me bho 


~ 
orn © 


bebe 





36, 869. 
36, 938. 
36, 962. 


| 
| 36, 748. § 


36, 981. & 


36, 985. 
37, 024. 


| 37, 081. 


37, 088. 


37, 107. 
37, 115. 


37, 127. 83 


37, 136. 


37, 171. 


Qn oO 
37, 278. 


37, 289. % 


37, 322. 


as. 


37, 388. 


37, 392. 
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37, 449. & 
57, 473. ¢ 
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37, 546. 5 


37, 683. 
37, 719. 


37, 763. 


37, 797. 


37, 818. 


37, 831. 5é 
37, 871. < 
37, 880. 86 


37, 901. 


37, 998. 35 


38, 018. 42 
38, 027. £ 


38, 055. 


38, 063. 45 


38, 132. 


38, 168. 2 
38, 172. 72 


38, 220. 


38, 306. 
38, 376. 


38, 380. 3 
38, 388. 2 


38, 106. 


38, 431. 
38, 477. 
38, 613. 


38, 645. 
38, 652. 


48 
29 
29 
12 
50 
22 
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Zeeman 
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a? Pi%4-2? Fig 
a? Doaxg-y? Piss 
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a yy-y'F ig 
b4F 314-2! D35 
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6? Piyg-v? F ing 
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a? F 14-2? Fig 
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atk yy-y' Dix 
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atF g-y' Ping 


@Di%4-2’Disg 
(at g-9'Phs 
\atPyxg-w? Diy 
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a! Po4-2? Pig 
5 Fow-v Fug 


atF 314-2! P34 


atF 916-24 Ping 
aiPix5-2’Pix 
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@Di4-y'Pix 
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(0.00w) 1.04 Ey 


(0.00) 1.89 Ei 


(0.00) 1. 
(0. 00) 1. 


(0. 59) 1.09 Ei 


(0. 00) 0.83 Ei 
(0. 00) 1.64 Ey 
(0. 76) 1.39 Ey 


(0. 00) 1. 23 Ey 


| (0.00) 1. 52 Ey 


(0. 00) 0.98 Ey 


(0.00) 1.24 Ey 





; (0.00) 1.06 Ei 





Theoretical 
Zeeman 
effects 


(0.07, 0.20) 1,0, 
1. 13, 1. 27, 1.40 


(0, 31, 0. 94) 0.04, 
0. 71, 1. 34, 1,97 


(0. 00) 1. 24 

(0.09, 0.26, 
0. 60, 7 
1. 12, 1.29 


(0.27, 0.80) 0.53, 
1, 07, 1. 60 


1, 80, 2. 20 
(0.03, 0.09, 0.14) 
1, 00, 1. 06, 1.11, ... 


(0. 00) 1. 33 


(0.20, 0.60) 0.40, 
1, 00, 1. 40, 1.80 


(0. 06, 0. 17, 0.2%) . 
1. 20, 1.31, 1.43 


(0, 18, 0. 54, 0. 90) 
0. 35, 0. 70, 1. 06, ... 


(0.05,0.14, .--.) --- 
1, 48, 1. 57, 1.67 


(0.03, 0.09, 0.14) 
1, 00, 1. 06, 1. 11, ... 


(0.00) 1.14 


(0.03, 0.09) 0.77, 
0. 83, 0. 89, 0, 94 
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40, 518. 87 
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40, 806. 79 
40, 914. 01 
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41, 062. 89 


met BN 


88 | 


| @Dar-y' Piss 


| 22°F 3x4-€? Gass 


V’Gin-f?Gars 


{apore Dos} 
atFo6-7' Dig 
aF yye-t D3 
@F )y-2!Dix 


@P1-w'’ Dix 
@Pin4-w'Dix 


D5? Phsg 


atF y14-24Dig 


@F 9-w? Di 
2Gixs-f? F 14 
atF ou-r!Diy 


@Do4-vF 3x 
2G hx fF us 
(re ort \ 
|a?F'o34-w? Ding 
@D 134-09 F ig 
a?P314-2? Pig 





atF 314-7'Dig 


atF 14-2'Disg 


@P 14-2? Piss 
a? Po-2? Pig 
aFyy Dix 


- 
b1Foy6-2° F516 
@G3%-w? Fi 
@G4y4-w? Fix, 
a? Pox-2? Pig 


b'F 14-2? Fig 
btFa5-y' Piss 


@G3%-w?F 3x4 
@Dox-w' Dis, 
@D24-w? D4 
atF 116-4? Ping 
6° Pis-0’ Ping 
@D15-wiDis 
atF 15-2? Dig 
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TABLE 2.—Wave lengths in the spark spectrum of Zr—Continued 





Intensities Observed Theoretical 
js nt ol Zeeman Zeeman 
effects effects 








B.S. | King 





3b 41, 084. 83 
; 41,101.72 | c? Dax-v’ Diss 
41, 110. 84 
41, 154. 67 | atFo<-2? Diy 
41, 201. 14 | b?Pox4-0? Poss 


41, 212. 18 
41, 253. 68 
41, 271. 56 
41, 320. 51 | a?Di15-2’Pix 
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42, 156. 65 
42, 178. 70 
42, 199. 18 
42, 223. 41 


42, 248. 57 | b?Pox-v’ Piss 
42, 259. 46 
42, 271. 26 | c?Diy-v'? Dix 
42, 277.87 | y’Fise-S?Gay 

42, 291.10 | b*Fax-w?Dixx 


42, 306. 67 | . 
42, 328. 35 | c?Day-v? Fig 
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43, 140.95 | 6? Diys-v? Diss 
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TABLE 2.—Wave lengths in the spark spectrum of Zr—Continued 
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TABLE 2.—Wawve lengths in the spark spectrum of Zr—Continued 





Intensities Observed Theoretical 
Zeeman Zeeman 
effects effects 


Term com- 
‘ binations 
King 








2, 159. 19 46, 299. 06 
2, 157. 98 | 46, 325. 02 
2, 154. 07 46, 409. 09 
2, 153. 26 | 46, 426. 

2, 152. 89 | 46, 434. 53 | z*Gixs-f*F ng 
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48, 425. 38 
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TALBE 2.—Wave lengths in the spark spectrum of Zr—Continued 














l anes intencitics Term com- Observed Theoretical 
Key | IA. v binatic Zeeman Zeeman 
No. : a affect: affect 

B. 8. | King effects effects 
2, 021. 36 0b 49, 455. 62 
2, 019. 65 0 49, 497. 49 
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238 | 1, 902. 78 3 52, 554 a? Dos-0? Fig 
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239 | 1, 743. 53 0 57, 354 a?D2x-v? Pig 
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2. THE ZEEMAN EFFECTS 


Following the term designations of the lines in Table 2 are the 
observed Zeeman effects. or the most part these have been taken 
from the lists published by Moore and have proved of inestimable 
worth in unraveling not only Zr II, but also Zr 1. Some of his pub- 
lished patterns, however, are in error because of overlapping of close 
lines. In such instances the observed patterns given in the table 
are those derived from the more recent observations made in the 
Brace Laboratory and at the Bureau of Standards, as stated above. 
In some instances, too, the new measurements have given improved 
values for patterns marked uncertain by Moore, and these also have 
been included in Table 2. For comparison with the observed Zee- 
man effects, the final column of Table 2 contains the theoretical 
pattern for weak fields as calculated according to Landé. These 
theoretical patterns have been taken from the Fables of Theoretical 
Zeeman Effects, published recently by Kiess and Meggers."® 

Except for lines observed with the E, spectrograph, inspection of 

the table shows that there is good agreement between the observed 
and theoretical Zeeman effects for all lines which are simple triplets 
and for complex patterns whose components are separated by \4 a or 
more, @ being the normal triplet separation. For complex lines 
whose components are separated by less than % a the agreement 
between the observed and calculated patterns is only qualitative. 
For some lines with components close to the undisturbed position 
a definite widening was noticed, and this is indicated in the table by 
a letter w following the pattern. Many of the apparent triplets are 
unresolved patterns with the strongest theoretical components either 
on the inside or on the outside, of the types designated as A’ and A? 
by Back.” Such designations in Table 2 were derived from the 
recent observations described above. For lines of such types the 
rule noted by Russell '* for Ti and by Meggers” for Yt was found to 
hold, namely, that the observed Zeeman effect is increased or de- 
creased by one-fourth the separation between the strongest and 
weakest components of the theoretical pattern. 
_ For the Zeeman effects observed with the prism spectrograph there 
is only qualitative agreement between the observed and theoretical 
patterns. No complex patterns were resolved and the only ones 
measured were either triplets or quartets. However, a few complex 
patterns on the verge of resolution were noted and these are indi- 
cated in Table 2 by the letter W. These observations were made 
after the lines had been classified and have served the purpose of 
i the term combinations which have been assigned. They 
are published here to illustrate the possibilities and limitations of the 
E, spectrograph, or similar instrument, in Zeeman effect work. One 
is led to the conclusion that, of themselves, these observations are 
not sufficiently accurate to establish the identity spectral terms. 

In general the g values of the terms appear to be normal, being those 
required by Landé’s theory for weak fields. For two terms, however, 
“KF, and y’F,,, abnormal g values were noted. Combinations 
involving these terms and having observed Zeeman effects are given 
in Table 4. The calculated patterns in the last column are based 
on the observed and not on the theoretical g values of the two terms. 








16 B. S. Jour. Research, f, p. 641; 1928, 18 Astrophys. J., 66, p. 308; 1927. 
Y Zeit. fur Physik, 15, p. 206; 1923, 1 B.S, Jour. Research, 2, p. 745; 1929, 
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TABLE 4.—Zeeman effects from anomalous g values 





Term com- Observed Zeeman 


bastion effect Calculated Zeeman effect 





atF 14-2! Fix 
b4Fiy-2' Fins 
atFo-24F 
bt Fox4-24F 
a? Fou-2'F 
a’?Diy-z'F 
a? Poxs-z4F 
OF 3-4? F 
atF 34-4? F 
atFo-y?F 
@G34-y’F 
O&G3y-y?F 
a Fo-y?F 
@Da-y’?F 
a’ Diys-y?F 
b? Diys-y"F: 
CDix-y’F 


0. = 44 oo. 15, 0,40) 0.25, 0.55, 0. 85 
( 


0.00) 1. 46 }o. 16, 0. 49) 0. 54, 0. 86, 1. 19, 1, 52 


(0. 00) 1. 

(0. 00) A? | (0,07, 0. 23) 0. 62, 0. 78, 0. 93, 1, 09 
(0. 05, 0. 15) 0. 65, 0, 75, 0. 85 

(0. 02) 0. 68, 0, 72 


(0, 13, 0. 39, 0. 65) 0. 58, 0. 84, 1. 11, 1. 37, 1. 63, 1, 89 
(0. 03, 0. 08, 0, 13) 0. 90, 0. 95, 1, 00, 1. 05, 1. 11 

so. 04, 0. 13, 0. 22) 0, 67, 0. 76, 0. 84, 0. 93, 1. 02, 1. 10 
(0. 06, 0. 18, 0. 30) 0. 68, 0. 80, 0, 92, 1. 03, 1. 15 
(0. 11, 0. 34, 0, 56) 0. 64, 0. 86, 1, 09, 1. 31, 1. 54 


{co 09, 0. 26) 0. 71, 0. 89, 1. 06, 1, 24 


ANOeK OK IWAwW 


cS 


ae Oa 
Pr oN 


SSsSSsss 
SS8sssp 


— 
= 
=} 
_ 


= 

S 
S 

e 


SRSEoSaSSNeRESECeSF 


o> 
38 


3 
No 
ait 
eS 


2 





PELE TTL EEE E KY ¥. 
Peeeroseeroom 
SRaSSSGSSESRSE 


sss 


> 
8 











| 
| 








g values 





Observed | Theoretical 





2F hs 0. 700 0. 400 
Fin .975 . 857 

















Among the Zr Zeeman effects are two complex patterns which 
beautifully illustrate the power of a magnetic field to resolve two very 
close or coincident lines which have not been resolved with the most 
powerful gratings used in observing them. The lines in question are 
at wave lengths 4,457.42 and 4,282.21 A. Each belongs to both Zr 
I and Zr II, and represents the term combinations given in Table 5. 


TABLE 5.—Zeeman effects of coincident lines of Zr I and Zr II 





| Terms Theoretical Zeeman effect Observed Zeeman effect 





§P25D; 0. 00, 


BSS, ON) 1-99, £08,825 No 00, 1.30) 1,33, 2.17 
0. 
0. 


| 
33 
4, 457. 42 { 2 
$6 },0.00) 0,87, 1.54, 1.77 


0 
0 
1 4, 282. 21 |{ ‘ 


-25, 0.50) 0.75, 1.00, 1.25, 1.50, 1, 75 


( 
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( 
( 








1 From theapparent wave lengths of the n components the wave length of the Zr I line comes out 4,282.18 A. 


3. INTERPRETATION OF THE OBSERVED TERMS 


The present accepted explanation of the terms of a spectrum is that 
they are the resultants of the interaction of the valence electrons of 
an atom in the various configurations they can assume. The neutral 
Zr atom in its unexcited state has two 4; and two 5, electrons external 
to the krypton shell, the configuration of these electrons being desig- 
nated by the symbol 4d? 5s. The singly ionized atom has lost one 
of the s electrons, whence the configuration of the unexcited state, 
corresponding to its minimum energy stage, is designated as 4d’-5s. 
But the difference in energy between the binding of an electron in 4 
5, orbit and a 4; orbit is small, so that stages of Tow energy may also 
result from the configurations 4d* and 4d 5s?. The terms which 
result from these three configurations are shown in Table 6. As the 
present analysis shows all have been found for Zr II. 
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When the ion Zr* absorbs energy an electron is removed from one 
of the configurations just described to a higher orbit of the ns, np, nd, 
if, ete. types, and new electron configurations ensue. The terms 
resulting from these excited configurations are also shown in Table 6. 
The most conspicuous of these terms are those which arise when 
the dislodged electron enters a 5 orbit. All the terms coming 
from the configurations 4d? 5p and 4d 5s 5p have been found, as Table 
shows. It is the combinations of these odd terms of the middle 
soup with the terms of the low configurations that account for nearly 
ill the strong lines of the spectrum. 


TaBLE 6.—Theoretical and observed terms of Zr II 





—— 


Blectron | Ye 
confign- | Theoretical terms Observed terms se 
ration | 
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With increase in energy of the ion the dislodged electron may enter 
the 5; and 6; orbits. The configurations 4d? 6s and 4d? 5d give high 
groups of terms of the same type and parity as those of the low 
configurations. In the case of the 4d? 5d configuration all the terms 
will appear which have been excluded from the 4d* group because of 
Pauli’s restriction. These high terms will combine with those of the 
middle group, and, because of their electronic origin, will be in Ryd- 
berg sequence with corresponding terms of the low groups. ‘The 
combinations between the high and middle terms will, in general 
yield faint lines which appear nebulous. The high terms are not 
easy to identify and as Table 6 shows, only a few of those theoreti- 
cally possible have actually been found. 

As the current electron recedes from the core of the Zr* ion, 
there comes a stage when it is completely removed and the atom is 
doubly ionized with its two remaining outer electrons forming the 
configurations 4d? or 4d 5s. From these arise the lowest and meta- 
stable terms of Zr III. These terms, which belong to the triplet and 
singlet systems, have all been found, as is shown in a previous paper 
by Kiess and Lang.” They are the limiting terms of Zr III from which 





” B. 8. Jour. Research, 5, p. 305; 1930. 
18296°—30——_4 
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the terms of Zr II may be found by adding to them the 4d, 5s, 5p, 5, 
etc., electrons. ; 

The minimum energy that the singly ionized Zr atom can abgoy 
is represented by the transition 4d? 5s——>4d? 5p. The lowest term be. 
longing to the group arising from the 4d? 5p configuration is ~(° 
although the components of both 2*F° and 2*D° overlap it. The chief 
lines of the term combination a*F—z*G°, therefore, constitute not only 
the resonance lines of Zr IJ, but also the raies ultimes, according to the 
rules enunciated by Meggers, Kiess, and Walters,” and subsequently 
elaborated by Laporte and Meggers,” and by Russell.” These am 
the lines which were selected empirically as the raies ultimes by 
de Gramont as stated above. ; 

In spectra resulting from systems of one or two outer electrons the 
coordination of term groups with electron configurations is fairly 
simple.. The spectra of systems with three or more electrons ar 
generally complex and the assignment of terms to their proper con. 
figurations is attended with some uncertainty. There are, however, 
certain guiding principles which may be of service in making the 
assignments. In general, a complex term will exhibit Av’s of the sane 
order of magnitude as its parent term. All the quartet terms of Zr || 
will arise from triplet terms of Zr III; but of the doublet terms some 
will arise from singlet terms and some from triplet terms of Z: III. 
Inspection of Table 1 shows that the Av’s of the doublet terms {all 
into two groups, those under 467 cm™', and those over 610 cm". 

Another guide in the assignment of terms to their proper electron 
configurations is to be found in the multiplet intensities. Here the 
lack of quantitative intensity measurements for spectrum lines is 
felt, but for limited regions of the spectrum in which there is no very 
great change in the sensitivity of the photographic plate qualitative 
estimates prove satisfactory. The intensities of multiplets resulting 
from combinations between a triad of high terms and a common 
lower term will differ, that being strongest for which the change in 
the term quantum numbers, AJL, is the same as the change Ak in the 
azimuthal quantum number of the current electron. For example, 
the triad of odd terms 2'G°, 2*F® and 2*D° of the 4d? 5p configuration 
combines with the term a‘F (4d? 5s), and also with the term b*F (4¢’). 
In the first case the electron change is 5p=>5s, Ak=—1, and the 
multiplet a*F€2‘G° for which AL= —1, is strongest. In the second 
case the electron change is 5pe>4d, Ak=+1, and the multiplet 
b‘F€-2‘D° for which AL= +1, is strongest. This principle, due to 
Kronig,“ represents an extension of Sommerfeld’s qualitative 10- 
tensity rule, and was first actually tested by Laporte,” several yee! 
ago, on the Zr II multiplets here discussed. 

A check on the correctness of the term assignments is furnished by 
the irregular doublet law according to which the values of y»/R for 
corresponding terms of isoelectronic systems should differ by a cot- 
stant. Here » is the distance separating a term from its limit and / 
is the Rydberg number. The only system isoelectronic with Zr 
whose spectrum has been almost completely worked out is the 
neutral Yt atom. The analysis of Yt I is due to Meggers and Rus 





J. Opt. Soc. Am. & Rev. Sci. Inst., 9, p. 372; 1924. 
2 J. Opt. Soc. Am. & Rev. Sci. Inst., 11, p. 460; 1925. 
* Astrophys. J., 66 p. 212; 1927. 

* Zeit. fiir Physik; 33, p. 261; 1925, 

** J. Opt. Soc. Am., 13, p. 18; 1926. 
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| °° who established for it nearly all the terms required theoretically 
or the low and middle groups. From their work were derived the 
sta entered in Table 7 for comparison with Zr IJ. The differences 
the fifth column of Table 7 run as smoothly as can be expected and 
dicate a close parallelism between the term structures of Yt I and 
ir II, although the relative importance of the corresponding terms 
, their respective spectra differs considerably. Thus, the lowest 
lem of Yt | is 7D coming from 4d 5s’, the configurations 4d? 5s and 
yielding metastable terms of less prominence. In Zr II, however, 
he lowest term, *F, and the more prominent metastable terms come 
fom the configurations 4d? 5s and 4d*, respectively, the term d*D 
ming from 4d 5s? being doubtful and relatively inconspicuous. 
nd in like manner similar comparisons may be made between 
he odd terms of the middle groups arising from the configurations 
11 5s 5p and 4d? 5s, the former yielding the more prominent terms in 
Yt I, the latter in Zr IT. 


TaBLe 7.—Values of ¥»/R for Yt I and Zr II 





Electron 
configura- 
tion 





4d2,1D, 


4d 58,8Ds 
4d 58,3Ds 
4d 58,3Ds3 
4d 58,°Ds3 
4d 58,3Ds3 
4d 58,3D3 
4d 58,1Ds 
4d 58,'Do 
4d 5s,'Ds 





























4. SERIES AND IONIZATION POTENTIAL 


Among the terms of Table 1, there are eight sequences of two 
members each available for calculating series limits. Four of the 
term sequences arise from the migration of the s electron, and four 
from the d electron. Experience with other spectra shows, however, 
that term sequences coming from the d electron, when represented by 
‘simple Rydberg formula, give results out of harmony with those for 


a 





* B.S. Jour. Research, 2% p. 733; 1929. 
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series resulting from the s electron. This is accounted for theoretical] 
by the firm binding of the lowest d electron in its orbit. The yaly¢ 
derived for the series limits of Zr II, and also the value of the ionizg 
tion potential of Zr*+, are based, therefore, on the series, coming froy 
the s electron. The component series, however, have different limi 
in the low and metastable terms of Zr III. The manner in which { 
individual series approach their limits has been given by Hund.” | 
Table 8 results are given for 10 series which converge to the differe 
components of *F, 'G, and 'D, respectively, of Zr III, the relatiy 
positions of which are known from the analysis of Zr III referred 
above. The individual values for the separation of the lowest tern 
of Zr II and Zr III agree as well as can be expected from the limite 
data available and their mean, 113,175 cm™, is adopted as the valy 
of a®F,—a‘F\,. From this an ionization potential of 13.97 volts j 
derived for the ion Zrt. 


TABLE 8.—Series limits of Zr II 








Term a Dis | a? Dory | a? F arg | a? Fag | 0°Gayg | 0?Garg | at isg | at Fag | ata | oP, 
b | 
| 
Distance from limit, em-!-_.--}111, edu: 696] 108, 528) 107, 944/101, 284) 101, 308)113, 460/113, 392)113, 4601113 
Reduction to *F3, Zr HI |—3, 392) —3, 392} —682|—1, 487/—2, 534) —2, 534 0 0} +=-682\~1, 48 
Reduction to ‘Fix, Zr I \+4, 248) +-4, 505)+-5, 753|-+-6, 468/+-14,060'+14, 190 0} +315) +763/+1,3 

















a*F;—a'F 4, 113, 599|112, 925/112, 810) 112, 964)113, 460 113, 707/113, 541/113, 9 











Mean (a3F:—a‘!F 13) = 113, 175 
Ionization potential = 113,175 1.2345 10-+= 13.979 


IV. IONIZED ZIRCONIUM IN THE SUN 


Zirconium is present in the sun in both its neutral and ionized state: 
In the recent Revision of Rowland’s Preliminary Table of Sola 
Spectrum Wave-Lengths * by St. John and his collaborators 238 dar 
lines are assigned to Zr*. These include nearly all the strong lin 
and many of the fainter ones listed in Table 2 down to wave lengtl 
2,975 A, which marks the limit of transparency of the earth’s atmos 
phere to solar radiation. The method used in identifying Fraunhole 
lines with those of terrestrial elements was that of coincidences; tha 
is, the direct comparison of solar wave lengths with those of emissiol 
lines observed in the laboratory. That this method of identificatiol 
has its limitations is shown by the fact that of the 20,000 lines recorde 
by Rowland only 57 per cent have had their chemical origins assigne 
in the Revision of Rowland. 

Perhaps the chief reason why the method of coincidences has 1 
been more fruitful in establishing the identity of the solar lines 
that most of the elements of astrophysical importance have not hat 
their spectra measured with the same order of precision as that applic 
to the sun’s spectrum. In the case of the fainter lines, therefor 
which constitute a great majority of the 43 per cent remaining unidet 
tified, direct comparisons of wave lengths are often uncertain and mus 
await improved laboratory wave lengths. As stated above, howevel 
the wave lengths entered in Table 2 are the results of new measur 





27 Linienspektren und periodisches System der Elemente, p. 184, Julius Springer, Berlin; 1927. 
#8 Carnegie Institution of Washington, Publ. No. 396; 1928. 
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ments made at the N ational Bureau of Standards in the second order 
of the large concave grating, and are regarded as sufficiently accurate 
io warrant the assignment of additional lines to the spectrum of singly 
ionized zirconium. ‘The new identifications which have thus been 
made, by the method of coincidences, are presented in Table 9. 


TABLE 9.—I dentification of Fraunhofer lines with Zr* 
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Another limitation to the method of coincidences, however, is the 
fact that not all the lines theoretically possible appear in emission 
pectra obtained by the ordinary methods of excitation. This is 
rue of Zr II, as revealed by the foregoing analysis. Only a few of 
he multiplets have their full complement of Rams: in many only 
hose lines which represent the stronger transition probabilities are 
present; and in yet others no lines appear at all in the spectrum. 
But with a well-established set of terms based on accurate wave 
engths it is possible to calculate wave lengths for lines which are 
ussing from a spectrum though not forbidden by the selection 
mnciples. We have done this for all the multiplets of Zr If which 
le in the Rowland region of the solar spectrum. The calculated 
vave lengths which agree with solar lines and the terms used in 
leriving them are presented in Table 10. It is of interest to note 
hat the multiplets b*P— 2*G°, b‘P— z‘F°, and b‘F — 2G° which do not 
ppear at all in emission are represented in the solar spectrum by 
wo or more lines, 
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TABLE 10.—ZIdentification of Fraunhofer lines with calculated lines of Zr* 
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V. CONCLUSION AND ACKNOWLEDGMENTS 


The foregoing analysis of Zr II has shown that it is possible to 
account for 75 per cent of the lines of this spectrum as combinations 
of terms which can be predicted as to number and type from modem 
theoretical concepts of the atom. All the terms theoretically possible 
for the low, metastable group have been found. All the middle! 
group terms arising from configurations containing p électrons have 
also been found except the term ?P° coming from 5s” 5p. This term, 
which is prominent in Yt I through its combinations with the lowest 
term a’D and higher terms, would reveal its existence in Zr II only 
through combination with d’D, itself uncertain. No terms of the 
middle group arising from the configuration 4d? 4f have been found, 
although in Zr III and Zr IV there are prominent terms arising from 
the binding of the current electron in a 4f orbit. If such terms exist 
for Zr II they would combine with the low terms coming from 44’. 
But search through the available wave length data has failed to 
reveal Av’s characteristic of these low terms from which the 4f terms 
must be established. 

Of the high terms, which combine with those of the middle group, 
only a few have been established with certainty. As stated above 
many of the lines originating in these high terms are nebulous. It's 
reasonable to attribute, therefore, the remaining unclassified lines, 
many of which are nebulous, to combinations with unidentified high 
terms which are predictable. All these unclassified lines are relt- 
tively faint, and if they are the strongest members of multiplets 
originating in the unknown high terms, it will be almost impossible 
to classify them since the still fainter satellites, necessary to revetl 
the characteristic Av’s, are missing. 
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4s stated in the introduction the analysis of the first spark spec- 
ium of Zr presented in this paper has been carried forward at various 
mes during the past eight years. A similar analysis of Zr I, which 
ye shall describe in a forthcoming paper in this journal, has been 
qrried on at the same time. In the laborious task of making the 
necessary Observations and calculations we have received assistance 
“om Mrs. F. J. Stimson, and E. Z. Stowell, D. D. Laun, and Bourdon 
f. Scribner, former and present members of the bureau’s staff. For 
ihe help they have given us we here wish to record our appreciation. 
We are also indebted to the late Prof. B. E. Moore, of the Brace 
laboratory, University of Nebraska, for placing at our disposal not 
wily his recent observations of the Zeeman effect of Zr, but also a 
vt of plates obtained by him in 1907 in Gottingen; to Dr. A. S. King 
and Miss Edna Carter, of the Mount Wilson Observatory, who sent 
is copies of their furnace spectra of Zr and lists of temperature classi- 
ications in advance of publication; to Dr. K. Burns, of the Allegheny 
Qbservatory, for preliminary values of ultra-violet standard wave 
lngths of Fe; and finally to Prof. R. J. Lang, of the University of 
Alberta, who has furnished us with lists of Zr wave lengths observed 
by him with the vacuum spectrograph. 

WasHINGTON, June 6, 193 
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A REDETERMINATION OF THE CONSTANT OF 
GRAVITATION 


By Paul R. Heyl 


ABSTRACT 


A redetermination of the constant of gravitation has been made, using the 
torsion balance in vacuo. The large masses were steel cylinders weighing about 
65 kg, and the small masses spheres of gold, platinum, and optical glass. The 
fnal result obtained is 6.670 X 10-® cm’ g- sec.~?. 

While the results obtained appeared to differ slightly with small balls of gold, 
platinum, or glass, it was shown by a special experiment with the form of torsion 
balance used by EKétvés that this is not to be attributed to difference in material. 
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I. INTRODUCTION 
1. THE NATURE OF THE CONSTANT OF GRAVITATION 


The constant of gravitation is the multiplying factor @ in th 
formula 


Mm 
FuG-3 (1) 


giving the force F of gravitational attraction between two masses } 
and m, with a distance d between their centers of attraction. 

This constant of nature is one of the few that best deserve the 
name. It is known to be independent of the nature of the attracting 
materials to a precision of 6 parts in 10. It is known to be inde. 
pendent of the temperature to a precision of about 1 part in 10,000: 
It appears also to be unaffected by the presence of different materials 
in the space between the attracting bodies. 

In theoretical importance the constant of gravitation ranks with 
the velocity of light and Planck’s constant of action. In Einstein’s 
theory of gravitation it appears in a formula for the curvature of 
space due to the density of distribution of matter. It undoubtedly 
has some intimate connection not yet understood with the ultimate 
structure of the universe. 

Practically this constant is of importance as it enables us to de- 
termine the mean density of the sun and of the other planets of the 
solar system. 

In thus applying the constant of gravitation it should be pointed 
out that we are making an assumption—that this constant is the 
same between the earth and the sun as between two bodies on the 
earth’s surface. The arbitrary nature of this assumption becomes 
clear when, following Einstein, we regard gravitation as due to space 
curvature arising from the presence of matter. We are, in fact, 
assuming space to be everywhere equally resistant to’ deformation. 
We do know that the constant of gravitation is approximately the 
same at several points on the earth’s surface, and there is no reason 
to suspect the contrary; but we do not know that the same will hold 
true for different radu, as between the earth-and the moon, or even 
between the center and the surface of the earth. 

But if we are wrong in this assumption it is of little practical in- 
portance. Our estimates of the masses of the heavenly bodies might 
be in error, yet their mutual attractions and relative motions would 
still be the same. However, in the case of a body moving in a very 
long elliptical orbit, such as a periodic comet, there might be a small 
differential perturbation from this cause. 

And we are not entirely without evidence that our estimate of the 
mass of the sun, at least, is not grossly erroneous. The Einstein 
shift of the lines in the solar spectrum depends on the solar mass. 
While experimental evidence on this point is not of the highest pre- 
cision, it is perhaps safe to say that our estimate of the mass of the 
sun is not in error by as much as 20 per cent. 





1 Eétvés, Pekar, and Fekete, Annalen der Physik, 68, 1, pp. 11-66; 1922. 

2 P, E. Shaw and N. Davy, Proc. Roy. Soc., 102, pp. 46-47; 1922. 

3 Russell, Astrophys. J., 54, p. 334; 1921; Eichelberger and Morgan, Astronom. J., No. 795; January, 
1922; Heyl (summary of evidence), Sci., Mar. 31, 1922. 

‘ Einstein, Sitzungsberichte der Preuss, Akad, d, Wiss,; Feb, 8, 1917. 
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2. SUMMARY OF EARLIER MEASUREMENTS 


An excellent summary of experimental work on the constant of 
wavitation may be found in Poynting’s article ‘‘Gravitation” in the 
Encyclopedia Britannica (11th ed.). To this is to be added a ref- 
sence to the work of Crémieu (Comptes rendus, vol. 141, pp. 653, 
713: 1905, and vol. 149, p. 700; 1909). 

The value accepted for this constant for the last 30 years has rested 
upon the independent work of Boys and of Braun.’ These two 
eperimenters obtained results agreeing to 4 significant figures, 
.658 X 10-8 em® g-! sec.-*, but because their individual values varied 
in the third figure (by as much as 4 units in Braun’s work and by 
? units in that of Boys) Poynting, in his discussion of the subject, 
adopts the value 6.66 x 10-*, subject to an uncertainty of 1 unit in 


the third figure. 
3. WORK OF BOYS 


Because of the importance of the work of Boys and of Braun it 
will be well to consider their experiments in more detail. Both used 
the torsion balance, which has been employed in one form or another 
by half a dozen different experimenters since the days of Cavendish, 
but each employed a different arrangement. 

Boys, guided by theoretical considerations which show that a short 
beam may, under certain conditions, give increased sensitivity, 
constructed his apparatus so that the horizontal distance between 
centers of the small masses was 1 inch and that between centers of 
the large masses 6 inches. Since with centers of all masses at the 
same level the proximity of a large mass to both small ones would 
lagely wipe out the increased sensitivity arising from the short 
beam, Boys arranged the masses in pairs, one large and one small 
mass in each pair, the two pairs being at different levels. 

The large masses used by Boys weighed about 7.4 kg each and the 
small masses each about 2.65 g. 

Boys did not use a vacuum in his apparatus; in fact, he stated in 
his published paper (p. 70) that he was sure the use of a high vacuum 
was out of the question. He did, however, carry out one experiment 
with a hydrogen-filled apparatus, but the results were not encourag- 
ing, In fact, no experimenter previous to Braun had made any 
attempt to work at reduced pressure, and all had experienced trouble 
from convection currents. Boys was forced to go to great lengths 
in the way of screens and heat insulation in the attempt to eliminate 
this difficulty. 

Of the two methods of using the torsion balance, direct deflection 
and time of swing, Boys used the first only. In this method the 
large masses are set in a position of maximum attraction on the 
moving system. (a, a, fig. 1.) After determining the resting point 
the moving system then takes up, the large masses are moved to a 
similar position with opposite turning effect (6, b), and the resting 
point again noted. Half the angle between the two positions of the 
moving system measures the deflection produced by the mutual 
attraction of the masses. 

Boys aimed at a precision of 1 part in 10,000, and so designed his 
apparatus as to afford the accuracy theoretically necessary to attain 





*C. V. Boys, Phil. Trans. Roy. Soc., A, Pt. 1, p. 1; 1895. Carl Braun, Denkschriften der k. Akad. d. 
Wiss, (Wien), math, u. naturwiss. Classe, 64, p, 187; 1897, 
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this end. His final results, however, fell considerably short of th; 
precision. Omitting the experiment with the hydrogen-filled appar, 
tus, he obtained the following nine results (omitting a fifth figurg 
given by Boys): 

6.665 X 10-8 6.658 X 10-8 

6.670 X 10-° 6.653 < 1078 

6.671 X 107° 6.658 X 1078 

6.668 X 10-8 6.670 x 10-8 

6.655 X 107° 


The mean of these values, assumed of equal weight, is 6.663, wit 
an extreme variation of 0.018 and an average departure from thd 
mean of0.006. Boys remarks; 
O b 1. a _ however, that conditions of dis 
turbance varied greatly in the 
different experiments, and he 
selected the fifth, sixth, sey- 
enth, and eighth of the above 
series as being most likely to 
give a true value. Moreover, 
he seems to have assigned 
nearly all ‘the weight to the 
sixth and eighth, adopting as 
his final figure 6.658 X 107%. 





4. WORK OF BRAUN 


Braun used a torsion bal- 
ance of larger dimensions than 
that constructed by Boys, the 
distance between centers of 
the small masses being about 
25 cm and that between 
centers of the large masses 
about 42 cm. The large 

O b masses weighed about 9 kg 
each and the small masses each 
Fiaure 1.—Direct deflection method about 54 g. His apparatus 
was arranged in the usual 
way, with the centers of all four masses at the same level. Fors 
long beam there is little objection to this plan. 
Braun was the first to perform this experiment at reduced pressure, 
part of his results being obtained at 16 mm Hg and part at 4 mm Hyg. 
Braun used both the direct deflection and the _ time-of-swing 
methods. In the latter method the time of swing is measured with 
the large masses in two positions which may be called “near” and 
“far.”’ (Fig. 2.) A little study of this figure will show that in the 
near position the attraction of the large masses upon the moving sys 
tem is such as to accelerate the swing, while in the far position 1t 
retards it. With the masses and dimensions used by Braun the 
difference between the two times of swing was about 46 seconds. 
Braun stated his results in terms of the mean density of the earth 
rather than of the constant of gravitation. He published results 
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of 46 separate experiments, 26 by the time-of-swing method and 20 
by the method of direct deflection, the individual results being 
weighted from 1 to 4. The individual results vary by as much as 4 
wits of the third significant figure. 


5. ORGANIZATION OF THE PRESENT WORK 


So well done was the work of Boys and Braun that the difficulty 
of improving upon it was clearly recognized. Such a task requires 
he resources of an institution rather 
than of an individual. Practically 
every division in the Bureau of Stand- & O O €°) 
ards has contributed tangibly or in- 
tangibly to the successful completion NEAR 
ofthis experiment. The work would ; 
probably not have been undertaken 
had it not been for the encourage- 
ment of the director, Dr. George K. 
Burgess, whose interest in the sub- 
ject dates back to his student days, 
and for the like encouragement of 
Dr. L. J. Briggs, chief of the division 
of mechanics and sound, whose in- 
terest in gravity measurements at 
sea is well known. 

The completion of the undertak- 
ing in a reasonable time has been 
made possible by the cooperation of 
E. R. Frisby, who has done about 
90 percent of the very laborious com- 
putations and, in addition, worked 
out the formulas for the time of swing. 

Drs. H. L. Dryden, of the Bureau 
of Standards, and E. W. Woolard, of 
George Washington University, have 
rendered valuable services in check- 
ing the mathematical work at differ- 


ent stages. © 
The apparatus was constructed 
almost entirely in the Bureau of 
Standards instrument shops by J. F. FAR 
Draper. The task required nearly FyguRE 2.—Time of swing method 
a year for completion. Acknowl- 
edgment is made of the helpful suggestions offered by Mr. Draper in 
the course of the work. 








II. PLAN OF METHOD 


_A study of the work of Boys and Braun led to the conclusion that 
little was to be hoped for in the way of increased precision by a 
repetition of the direct-deflection method. As this was carried out 
by Boys, the only serious objection is the presence of air about the 
moving system. Yet Boys’s work seems to have been very well 
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done, for in Braun’s experiments this objection does not hold ye 
his result by the direct-deflection method confirms that of Boys, 

With the time-of-swing method the case is different. Braun say 
in his published paper that the possibilities of this method myc 
exceed those of the other, and expresses his regret that he was una} 
to make full use of them. It was therefore decided to use th; 
method only in the repetition of the experiment. 

Of the two arrangements of the torsion balance Braun’s form seemed 
preferable to that of Boys for two reasons—it is easier to obtaiy 
precision in the important measurement of the horizontal distang 
between centers of the small masses when this distance is large: an 
it was planned to increase greatly the size of the large masses, which 
would have made a very considerable difference of level necessary 
The general dimensions of Braun’s apparatus, apart from the six 
of the large masses, seemed ample for obtaining a precision of per 
haps 1 part in 10,000. The apparatus was, therefore, designed aftey 
the general pattern of that used by Braun, with a considerable increas 
in the large masses. 

Three series of measurements were made, using small masses of 
gold, platinum, and optical glass. 

Photographic recording of the time of swing was considered, and 
a special form of moving film camera was constructed for this pur 
pose; but it was found that with the distance to be traveled by the 
beam of light (about 7 m) and the passage through 8 pieces of glas 
with 2 reflections, it was difficult to obtain an image bright enough 
to be photographed in motion and at the same time sharp enough 
to be accurate. It was easily possible to obtain a sharp image sufi- 
ciently bright for visual observation, and it was therefore decided to 
make the observations visually, and to record them by a chronograph. 


III. DESCRIPTION OF APPARATUS 
1. OBSERVATION ROOM : 


As an observation room there was available the constant-temper- 
ature vault of the bureau, divided into two rooms, one large and one 
small. This vault is located below the East Building at a depth oi 
about 12 m below ground. In addition to furnishing uniform 
temperature this depth eliminated any trouble that might other 
wise have arisen from moving masses near by. 

The torsion pendulum was set up in the small room, the floor 
space of which was about 22.7 m and the height about 4m. The 
observing apparatus was placed in the large room, the intervening 
brick wall being pierced by a window about 30 cm square. A pie! 
was built in each room, in the small room at its center, and in the 
large room close to the far wall, the distance between centers of piers 
being about 3.5 m. At this distance calculaiion shows that the 
effect of the observer’s mass upon the moving system is less thal 
one ten-thousandth that of the two large masses. It was deemed 
advisable, however, that the observer remain in the same place dur 
ing the whole period of observations, rising from his chair whe! 
necessary to attend to the chronograph at his side, but not movil 
horizontally from his location. 
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The observation room proved ideal for the purpose. No vibration 
vas observable, and it was possible to work by day with results 
qually as good as those obtained by night. Practically all the 
ork was therefore done by day. 


2. THE LARGE MASSES 


When it is a question of dealing with large masses in an experiment 
of this kind the nature of the material becomes important. Caven- 
lish (and later Baily) used spheres of lead weighing nearly 160 kg. 
Such large masses of lead or lead alloy can hardly be trusted to main- 
tain their shape pncurnienl over long periods of time. In addition, 

ibility of holes in the casting. To avoid this 
latter difficulty several experimenters (Braun among the number) 
have used hollow spheres filled with mercury. 

For the present work it seemed most practicable to employ steel, 
because of ease of accurate shaping and permanence of form. Tool 
steel of about 0.90 per cent carbon was selected as being most uni- 
orm in structure and least liable to segregation. To avoid blow- 
holes and pipes a large ingot of 30 cm diameter was forged down 
to 20 cm and annealed for machining. This work was done at the 
Washington Navy Yard. 

Nearly all previous experimenters have used masses of spherical 
form because of the simplicity of the calculations involved. The 
practical difficulties incident to the accurate machining of a sphere 
of the weight planned (over 60 kg), especially in cutting off and 
rounding the ends, as well as the difficulty of determining accurately 
the center of the sphere when mounted in place, appeared so great 
that it was decided to adopt a cylindrical form, thus shifting the 
burden to the broad shoulders of the mathematician. 

After machining the cylinders to size, their dimensions and masses 
were determined, respectively, by Mr. Miller and Mr. Peffer, of the 
weights and measures division. These results, in grams and centi- 
meters at 20° C., are given in Table 1. 


TABLE 1.—Dimensions and masses of cylinders 





Cylinder mark 





0 





Diameter (extreme variation) He yr 


Average diameter 19, 4534 
Length (extreme variation) _....--_- 


Average length 
Mass (in vacuum) 

















When in place in the apparatus the cylinders are surrounded by air, 
and the attraction of a cylinder at any point will be that due to the 
mass of the cylinder in vacuum minus the mass of the displaced air. 
We may consider a cylinder of this slightly reduced mass superposed 
upon a continuous and uniform distribution of air. The air being 
infinite and continuous exerts no resultant attraction at any point 
Within it, and the total resultant attraction is therefore that due to 
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the superposed cylinder. Thus the effective values of the mass gn, 
density of the cylinder will be found by correcting for displaced air 4 
the temperature, pressure, and humidity existing at the time of th, 
experiment. 

Calculation shows that for a variation in relative humidity fro, 
57 to 86 and for the usual pressure variation the mass of air displace; 
by a cylinder is constant to the first decimal place, namely, 9.9 g- an, 
this is also the precision to which the masses of. the cylinders are known 
Applying this correction to the values given in Tab 
effective values given in Table 2: 


le 1 we obtain the 


TABLE 2.—E ffective masses and densities of cylinders 





Cylinder mark 





0 - 
| 





66, 292. 7 66, 394. 7 
7. 82583 7. 82608 
} 














Uniformity of density is an important consideration. There can 
hardly be any question of appreciable pipes or blowholes after the 
preliminary reduction by forging, but we must consider the possibility 
that by this forging the outer layers of the cylinder may havebee 
made slightly denser than the center. Segregation also might causes 
change in density of like distribution. As a check upon this, samples 
were taken from the bosses cut off from an end of each cylinder in the 
final stages of machining, and the density of these samples determined. 
Each sample had a diameter of about one-fifth that of the cylinder, 
and may thus be taken as representing approximately the density o/ 
the cylinder near its axis. Table 3 shows the comparison of thes 
densities with the calculated values for the whole cylinders. 


TABLE 3.—Variation in density of cylinders (in vacuum) 


Cylinder mark 


4 
ign. bo. 


| 


7.8 
Calculated mean density | 7. 8273 








Density near axis_ -_------ ee 7. 8255 50 











In no case is there a difference in density greater than about | part 
in 4,000. An approximate calculation shows that the error intr- 
duced in the value of the attraction by the assumption (for instance 
of a uniform density of 7.8273 instead of one varying uniformly from 
7.8250 at the center to 7.8285 at the outer surface (with a mean 0! 
7.8273) amounts to less than 1 part in 50,000, negligible for preset! 


purposes. 
3. SUPPORTING SYSTEM 


The large masses were supported so as to be free to turn in azimut! 
about a vertical axis midway between them. The general arrange 
ment is shown in Figure 3, 
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Figure 3.—General arrangement of apparatus 
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Two 15 cm I beams were set into the brick walls of the room with a 
space of about 20 cm between them. Across these beams was fastened 
by screw clamps a steel plate 2.5 em thick and 15 cm wide. This 
crosspiece Was pierced at the center by a hole 3.7 cm in diameter, 
through which passed by a snug fit the vertical axis of the supporting 
system. 
‘This vertical axis was capped at the upper end by a disk resting 
upon a ring of steel balls rolling in a channel cut in the crosspiece. 
Fastened to the upper surface of the desk was a graduated circle 35 
cm in diameter provided with a vernier reading to 0.1°. 

The vertical axis carried at its lower end an arrangement of dove- 
tailed blocks allowing two sliding adjustments at right angles, for the 
purpose of centering the cylinders with respect to the point of support 
of the pendulum. 

Fastened to the lowest of these sliding blocks was the crossbeam 
B (fig. 3), from the ends of which hung the cylinders A, A. Each 
cylinder was supported by three steel rods, 0.5 cm in diameter, screwed 
into the cylinder by tapped holes, each hole threaded all the wa 
down to a flat bottom against which the flat end of the rod fitted. 
Each rod was provided with a lock nut where it entered the cylinder 
and, near its upper end, with a turnbuckle by which the cylinder 
could be leveled. The vertical adjustment of the cylinder as a whole 
could be secured by raising or lowering a disk from which the three 
rods hung. Each disk was supported by a bolt and nut passing 
through a slot in the crossbeam B, thus permitting separate horizontal 
adjustments of the cylinders. 


4. THE SMALL MASSES 


Small masses, spherical in shape, were used of three different 
materials, gold, platinum, and optical glass. In each case the mass 
was about 50 g. 

This use of different materials was not prompted by any suspicion 
that a specific difference in attraction might be found. Rather was 
it the result of circumstances. The use of gold balls was suggested by 
the employment of this metal by Boys and by the fact that Braun 
used gilded balls of brass. There was no objection to this in the case 
of the work of Boys, who did not employ a vacuum, and Braun men- 
tions no trouble with his gilded balls; but in the present work it was 
found on opening the container, after a period of several months 
required for the observations, that the gold balls had absorbed quite 
appreciable quantities of mercury, probably derived in vapor form 
from the manometer connected to the container. 

A second set of measurements was made with platinum balls, coated 
thinly with lacquer by dipping. No appreciable change of weight 
was observed in this case. 

A third set was made with balls of optical glass, the idea being that 
holes in the interior could be detected visually. 

The metallic balls were constructed from ingots which (in the case 
of gold) had been fused in a vacuum furnace to avoid gas bubbles. 
The platinum ingots were fused in the oxyhydrogen flame in the 
usual manner, The ingots were first roughly hammered into shape 
between hemispherical steel dies, as described by Boys, and finally 
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shaped to size by a scraping process suggested by J. F. Draper, of tho 
bureau’s instrument shops. 

In a piece of thin sheet steel was cut a circular hole of the diametey 
desired for the finished sphere. The ball, after having been hammered 
to a diameter but little in excess of the final size, was laid in this hole 
and turned this way and that between the thumb and finger until jt 
had scraped its way through the hole. In the case of the platinum 
balls this operation was conducted under water. The resulting balls 
were so nearly spherical that micrometer measurements (to about 
2.5 u) could detect no variation in diameter. 

In each metallic ball there was drilled a hole 1 mm in diameter and 
3 mm deep, which was threaded. A piece of copper wire 6 mm long, 
threaded for half its length, was screwed into the eee! The projecting 
portion of the wire was shaped into a hook. 

The glass balls were drilled with holes 1 mm in diameter and 4 mm 
deep, the lower part of the whole being enlarged to a diameter of 2 
mm by a dental burr. In 
this hole was inserted a dovw- 
bled piece of copper wire, 
loop downward. The space 
between wire and glass was 
packed with small screps of 
tin foil after the manner of 
filling a tooth, using a blunted 
needle and light taps froma 
small hammer. The tinfoil 
TEN’ was stopped about 

alf a millimeter from the 
top of the hole and the rest 
of the space filled with wax. 
The protruding ends of the 
wire were joined by a trace 
of solder and bent into a hook. 

In each case the mass of 
a ball was determined before 
drilling it. At the conclu- 
sion of a set of measurements 
the ball was cut from the 
suspending filament close to the hook, and reweighed with hook, knot 
of filament, and trace of wax used to keep the knot from slipping. 
The slight excess of mass over that of the solid ball was regarded for 
purposes of calculation as a massive point added at the north pole of 
the ball. 























Fiaure 4.—T'he moving system 


5. THE MOVING SYSTEM 


The moving system, or torsion pendulum, consisted of the two 
small masses, a light separating rod and the necessary supporting 
filaments. (Fig. 4.) In the design of this system the object was to 
throw as much as possible of the moment of inertia into the balls s0 
that the system should approximate a simple pendulum. Actually 
over 99 per cent of the moment of inertia was thus concentrated. 

The horizontal separating rod was of aluminum, 0.24 cm in diameter, 
20.59 em long, and weighted in vacuum 2.4401 g. Close to each end 
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was drilled a small hole through which passed the ends of a copper wire 
constituting a truss. These ends, after passing through the rod, were 
bent into hooks. The cooper truss wire was 0.36 mm in diameter, 
99.1 cm long and weighed in vacuum 0.2385 g. 

The balls were hung from a piece of tungsten lamp filament, 0.025 
mm in diameter, tied to their hooks, and laid across the hooks at the 
ends of the copper truss wire. In tying the filament to the hooks of 
the balls the filament was wrapped four or five times around the 
hook and the end twisted around the main portion of the filament. 
This twist was held from slipping by a trace of wax. In cutting off 
the balls for the final weighing the twisted portion of the filament 
was included, 

The supporting filament for the moving system as a whole was also 
of tungsten, 0.025 mm in diameter, commercial lamp filament annealed 
in hydrogen at the factory. Tungsten is preferable to silica in that it 
may be confidently relied on for a long program of observations. 
Filaments of silica, as Boys found, occasionally break for no apparent 
reason, often with loss of previous observations. Moreover, tungsten 
may be tied firmly to the object which it supports. 

Our experience indicates that tungsten is quite reliable, returning 
well to its resting point after large deflections. One such filament 
was in use three years, during which the apparatus experienced a 
slight earthquake. 

The supporting filament was about 1 m long, provided with copper 
wire hooks at its ends. By the lower hook the copper truss wire 
hung at its apex and was fastened by a trace of wax. The upper 
hook was fastened to a movable torsion head contained in the chimney 
of the bell jar. This device (patterned after one used by Braun) 
consisted of a train of wheel work, to the slow motion end of which 
the upper hook of the supporting filament was attached. By turning 
the other end of the train a very small twist could be given to the fila- 
ment to correct, if necessary, for drift of the resting point. In order 
to operate this device from outside without breaking the vacuum a 
bar magnet was attached to the upper end of the train. By the use 
of a large horseshoe magnet outside the chimney the requisite twist 
could be given. 

The train of wheel work was geared to a ratio of 3,600:1, so that 
one complete turn of the upper end produced a twist of one-tenth of a 
degree in the filament. 

The moving system was provided with a silvered glass mirror, about 
2cmindiameter, 1 mm thick, weighing about 0.6 g,ground and polished 
optically flat. This mirror was attached at its upper edge by a little 
wax to a brass rod 1 mm in diameter. At its upper end this brass 
rod was provided with a small wire loop by which it was hung from the 
lower hook of the main suspension filament. The brass rod, where it 
passed the horizontal aluminum rod, was bent into a detour to avoid 
contact. (Fig. 4.) 

_ The total mass of the swinging system was about 102g. The break- 
ing strength of the suspending filament was about 165 g. 

__ lo start the moving system gravitational attraction was employed. 
‘wo bottles, each holding about 2 kg of mercury, were placed close 
to the container in positions of maximum attraction for the pendulum. 
When the latter had been twisted to its greatest extent (which required 
‘bout 15 minutes) the bottles were placed so as to reverse the attrac- 
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tion. By repeatedly reversing the positions of the mercury bottles 
in time with the swing of the pendulum the latter could be given any 
amplitude desired. In two hours time an amplitude of about 4 
could be obtained, which (at the reduced pressure employed) was 
sufficient to keep the pendulum swinging for 20 hours. 


6. THE CONTAINER 


The container was of metal resting on a plate-glass base. The 
general shape is shown in Figure 3. The tall chimney was of brass 
open: at the upper end, which was closed by a piece of plate glass, 
This permitted observation of the magnet connected with the wheel 
work. The wide lower portion of the container and the lid fitting it 
were, in the series of measurements with the gold balls, of brass wrapped 
with thin sheets of silicon steel for magnetic shielding. This arrange. 
ment proved cumbersome, and in the measurements with platinum 
and glass balls this part of the container was made ofa piece of wrought. 
iron tubing with a lid of the same material. A circular piece of iron 
was laid inside the container upon the plate-glass base, thus completing 
the magnetic shielding. 

This precuation was necessary because of the steel cylinders, which 
when moved from the near to the far position altered the earths 
magnetic field in the vicinity of the pendulum. Since all materials 
are either paramagnetic or diamagnetic to an appreciable degree, 
and since the gravitational attraction of a cylinder upon the nearest 
ball was only about 0.001 dyne, it is quite possible that the effect of 
the change in magnetic field upon the time of swing of the moving 
system might be comparable with that of gravitational attraction. 

This suspicion was experimentally confirmed in the case of the brass 
container used with the gold balls. Before applying the silicon steel 
wrapping a bar electromagnet was mounted outside the container with 
one pole in the maximum attraction position with respect to one of the 
balls. On energizing the magnet the ball was repelled with an acceler- 
ation approximately equal to that produced by one of the mercury bot- 
tles. By raising the magnet to the level of the aluminum rod a 
attraction was produced. The magnetic susceptibility of gold is 
— 0.15 and that of aluminum + 0.65. 

By wrapping the lower part of the container with several layers of 
thin silicon steel sheet these disturbances were completely prevented. 
In the later form of the apparatus, used with platinum and glass balls, 
the wrought-iron wall of the container was similarly protective. 

To test the shielding more closely, measurements of time of swing 
were made with the outside magnet alternately magnetized and demag- 
netized. The magnetic field at the outer surface of the container with 
the electromagnet excited was about twelve times as strong as the 
earth’s horizontal field, as determined by the rate of vibration of 
small compass needle. The strength of field clese to one of the large 
steel cylinders was about three times that of the earth’s field, or one 
fourth that used for testing the shielding, and the presence or absence 
of the testing field produced no effect upon the time of swing as great 
as 1 partin 10,000. Any effect to be expected by moving the cylindes 
must therefore be less than 1 part in 40,000. 

A pressure of about 2 mm of mercury was maintained in the col 
tainer, the joints of which were sealed by soft universal wax. A mel 
cury barometric seal was used instead of a stopcock. 
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It may be of interest to record here the effect of pressure upon the 
damping exhibited by the moving system. Table 4 gives the damping 
factor (ratio of successive amplitudes in the same direction) at various 


ressures. 
P TABLE 4. 
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Windows were provided at strategical points in the container for 
the purpose of obtaining such measurements as the level of the 
centers of the balls and the position of the filament supporting the 
moving system. 

When it was desired to raise the chimney and lid of the container a 
yoke was clamped about the upper end of the chimney. From the 
ends of this yoke two threaded rods passed up through holes in the 
beam B (fig. 3) and were supported above by nuts. By turning 
these nuts the upper portion of the container and the whole movin 
system could be raised or lowered slowly and steadily enough to avoi 
breaking the suspension. 

The temperature of the container was read by means of a ther- 
mometer fastened closely in parallel contact with the chimney, the 
bulb touching the metal. On its outer side the bulb was shielded by 
a layer of cotton, the whole being bound to the chimney by strips of 
adhesive tape. The temperature inside the container was assumed 
to be that of the metal case as shown by the thermometer. 


7. THE OPTICAL SYSTEM 


The basis of reference for observing the time of swing was a scale 
of millimeters in the form of a pho- ; 
tographic negative on glass, bright 
lines on a dark background. (Fig. 
5.) Parallel to the scale and close 
toitwas a broad bright band against 
which could be seen the vertical cross 
wire of the observing telescope. 
The scale was mounted in a metal 
box and illuminated from behind by 
several small electric lamps, and was 
set on a pier in the observing room, 3.5 m from the torsion apparatus. 

The light from the scale passed to a reflecting prism below the glass 
base of the container, which reflected it vertically upward, passing 
through the iron floor of the container by a hole. The light then 
encountered a second prism which reflected it horizontally to the 
muror attached to the moving system. The reflected beam retraced 


Figure 5.—Scale and cross wire 
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approximately its entering path and was finally received by a tele. 
scope on the observing pier, 3.5 m distant from the center of the moy. 
ing system. A motion of one minute of arc of the moving system 
produced a shift of about 2 mm of the scale in the field of the 


telescope. 
8 MEASUREMENT OF TIME 


The working standard of time was a Riefler clock set up in q 
constant-temperature vault in another building of the bureau, and 
rated daily against the Naval Observatory signals. Its usual daily 
rate was but a few hundredths of a second. Second signals from 
this clock are electrically transmitted to all parts of the bureay 
laboratories. 

The transits of the pendulum were recorded on a 2-pen chronograph, 
One pen recorded the clock signals and the other the transits of the 
scale divisions as observed by the operator. 

In making the observations it was customary to adjust the resting 
point of the pendulum by means of the torsion head to somewhere 
between the twelfth and thirteenth centimeter marks on the scale, 
and to record the transit of every millimeter from the eleventh to the 
fourteenth centimeter. The calculation of the time of swing will be 
described in a later section. 


9. MEASUREMENTS OF LENGTH 


The length measurements fall into two classes—those in which 
approximate values are sufficient and those requiring higher precision. 
As an example of the first class may be mentioned the vertical differ. 
ence of level between centers of balls and cylinders. In the second 
class are found the distance between centers of balls and the distance 
between cylinders. 

Measurements of the first class were made to 0.1 mm, mostly with 
a kathetometer. Measurements of the second class were nto A with 
an optical compass similar to that used by Boys; it consisted essen- 
tially of two micrometer microscopes mounted approximately parallel 
to each other on arigid bar. The distance between microscopes could 
be adjusted as desired. 

A supporting framework of iron was clamped to the pier carrying 
the torsion pendulum, and by leveling the optical compass upon this 
framework the microscopes could be directed to view any two points 
whose horizontal distance apart might be desired. When the setting 
of the microscopes had been made the optical compass was placed in 
another stand so as to view a scale below it. 

This scale was made from a steel bar 2.5 cm square in cross section, 
provided with several platinum-faced plugs, upon which fine gradus- 
tions were traced. Sufficient plugs were provided to give the various 
lengths required. The scale was calibrated in terms of the standard 
meter by Doctor Judson, of the weights and measures division of the 
bureau. 

Steel was used as a basis for the scale rather than invar, as the 
experience of the bureau has been that invar, while low in expansio}, 
shows much hysteresis, and is on the whole less satisfactory for such 
a purpose than'steel. The coefficient of steel may be higher, but! 
is more safely to be counted upon than that of invar. 
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The steel chosen for this purpose was machined to size and allowed 
io age for several months to eliminate the warping that usually follows 
removal of the surface layers. This process of aging was accelerated 
by rattling the bar in a shaking apparatus for several periods of a 
dayeach. The finished scale was mounted in a wooden case provided 
with leveling screws. 


IV. MATHEMATICAL THEORY 


1. THE ATTRACTION OF A FINITE CYLINDER AT ANY EXTERNAL 
POINT 


The use in the Cavendish experiment of attracting bodies of other 
than a spherical shape has been rare. Boys in one of his experiments 
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Figure 6.—Attraction of finite cylinder at outside point 


used cylinders of gold one-fourth inch long and the same in diameter. 
He states that calculation showed that the attraction of such a cylinder 
at a point at the center of one of the large balls was less than that 
which would have been exerted had the cylinder been a sphere of equal 
mass hy 3 parts in 10,000. Small masses of cylindrical and also of 
chain form were used by P. E. Shaw ® in his work on a supposed 
temperature coefficient of gravitation, but as his work was concerned 
with relative rather than absolute values it was not necessary to 
calculate the actual force. Crémieu used large cylindrical masses, 
but does not mention the computations. 





*P. E, Shaw, Phil. Trans. Roy. Soc., A, 216, 1916. 
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Calculations for nonspherical masses are not simple; in fact, the 
labor involved in making a nonspherical calculation to anything by 
a rough approximation has rather been looked upon as prohibitive 
For practical reasons earlier mentioned it was desirable to use large 
masses of cylindrical form. It was an agreeable surprise to find tha 
in the case of the dimensions used it was possible to obtain a formyl, 
in zonal harmonics which converged fairly rapidly. Working to | 
part in 100,000 there were necessary only seven terms in the neg 
position and six in the far position. 

A formula for the attraction of a finite cylinder at any exterl 
point has never, as far as we know, been published. It may therefore 
be a convenience to future workers if the development of this formula 
is given somewhat in detail. The best method of procedure is to 
integrate the expression for the attraction of a circular disk. (Fig. 6.) 


Byerly’ gives a formula in zonal harmonics for the potential V 


of a circular disk of thickness dz, density p and radius a at any external 
point whose coordinates are r, 0, the formula being valid if r>a, 
Formula (2) gives this value of V to eleven terms. 


la 
V =2rpaGdz +5 > 


3 
-3(%) P, (cos 6) 


1 5 
+76 (*) P, (cos @) 


5 7 
~ {28 (*) P, (cos 6) 


7 9 
+356 “) P, (cos 6) 


ae Fe 
1024 


33 fa\® 

+5048 (*) Pris (cos @) 
429 /a\® 

~ 39768 (<) Pix (cos 6) 


715 fa\" 
+ 65536(¢) Pre (co8 0) 


ll 
) P14 (cos @ 


2431 /a\® 
~ 362144 ) Pz (cos 9) 


4199 /a\* 
+594988 *) Po (cos 6) 











? Byerly, Fourier’s Series, p. 155, art. 80. 





He 
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Following the notation of Figure 6 in which z is measured positively 
downward from 0, and expressing all variables in (2) in terms of 6, 


c 
n @=— 
r 


sin 6 


=c cot 0 


edb 
sin? 6} 





dz= — 


and integrating for @ from @, to 6, we obtain: 
f 
re dé 


te sin 0 


3 
-3(¢) f: sin 6.P, (cos 6)dé 
\5 
+46 (5) [sin 6.P, (cos 0)dé 
7 
-333($) f sin’ 6.P. (cos 6)dé 


9 
tae (*) J sin 6.P; (cos 6)dé 


V=—2zpacG 


~ saa(¢ “) _f six 0.P1. (cos 6)d6 


+5e55(¢ *) *f sin" 6.P 2 (cos 6)dé 


- se (<) *f sin 6.P14 (cos 6)d0 


+quag($ ) "f sin 6.P1, (cos 6)d@ 


__2431 (a ay 
ne ) "f sin 0.P.s (cos 6)d0 


+5488 (4 9) ‘f sin" 6.P 29 (cos 6)dé@ 
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Byerly (p. 151) gives expansions of P(x) up tom=8. Additiona] 
values follow: 


Sad 
Po (z) = 556 (46189x"°— 109395a° + 900902° 
— 30030z* + 34652? — 63) 
1 


1024 (676039z" — 19399382" + 207850525 


— 1021020x*° + 2252252* — 180182? x 231) 


P2(x)= 


Py,(x)= air (50145752* — 16900975x” + 223092872" 
— 145495352° + 48498452° — 7657652* 
+ 450452? — 429) 


1 


Pis(X) = 35768 


(3005401952 — 11633814002" 

+ 18253053002” — 14872858002" 
+ 6692786102' — 1629547922° 

+ 193993802* — 8751602? + 6435) 


P,;(z) = (226878382528 — 99178264352" 


+ 18032411700zr"* — 176446179002" 
+ 100391791502" — 33463930502° 
+ 6246600362° — 581981402* 

+ 20785052* — 12155) 


ae _ 
65536 


Prl)=s0577j (344616322052 — 167890003050z'8 

+ 3471239252252" — 396713057400z"4 
+ 2734915774502? — 1164544781402" 
+ 3011753745028 — 446185740028 

| + 3346393052 — 96996902 + 46189) 








Making the necessary substitutions in formula (4) we obtain: 


" la dé 
f= —? a y -+ apne ~> ‘ 
V mpacG 2c.J sin @ 


1 faey{. i 
ane Tas sin 6(3 cos? @— 1)d0 
'meicincere ; rene 
t raehG sin’ @(35 cos* 6— 30 cos? @+ 3)dé 


§ sy £... , _ 
“- sira( =) | sin’ @(231 cos® @—315 cos‘ @ 
+105 cos? 6—5)dé 
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7 ‘a ‘ mn? i} war © ~§ 
+asnaa (5) [sin 6 (6435 cos* @— 12012 cos® 6 


+6930 cost @— 1260 cos? 6 
+ 35)d6 


21 ay" {. 
oer (2) [sin 6 (46189 cos" @ 
— 109395 cos® 6 
4 90090 cos® @— 30030 cos* 6 
+3465 cos? 6—63)dé 


1 13 
+ snares 2) “sin 6 (676039 cos 


— 1939938 cos’ 6 

+ 2078505 cos® @ 

— 1021020 cos® 6 

+ 225225 cos! 6 

— 18018 cos? 6+ 231)dé 


\ 


9 af 
- geipaael (*) J sin’ @ (5014575 cos @ 
— 16900975 cos” 6 
+ 22309287 cos” 6 
— 14549535 cos® 6 
+ 4849845 cos® @ 
— 765765 cos* 0 
+45045 cos? 6—429)dé 


715 


+ 9747483648 


‘aN’ tv, . ; 
(<) [ sin'® @ (300540195 cos" 


— 1163381400 cos"* 6 
+ 1825305300 cos” 6 
— 1487285800 cos’? 6 
+ 669278610 cos® 6 
— 162954792 cos® 6 
+ 19399380 cos* 6 

— 875160 cos? 6 

+ 6435)d@ 


19 
2431 (2) f sin 6 (2268783825 cos" 6 


17179869184 
— 9917826435 cos!® 6 
+ 18032411700 cos" 6 
— 17644617900 cos” 6 
+ 10039179150 cos’ 6 
— 3346393050 cos® 6 
+ 624660036 cos® @ 
— 58198140 cos‘ 6 
+ 2078505 cos” 6 
— 12155)de 
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4199 hg 
+ igrageoesaTa(e) fain 6 (34461632205 


cos” 6 

~ 167890003050 
cos!’ @ 

+ 347123925225 
cos'® 9 

— 396713057400 
cos!* 6 

+ 273491577450 
cos!” 6 

— 116454478140 
cos” 6 

+ 30017537450 cos® 6 

— 4461857400 cos* 6 

+ 334639305 cos* 6 

— 9699690 cos? 6 

+ 46189)d0 











Integrating and applying the limits 6, and 6, 


= — 2 
¥ aapacd] +5 ¢ | log tan 2 —log tan | 


-a(¢ 2) | cos 6, sin? 6.—cos 0, sin’ | 


+ine(4 2) E cos® 6, sin* @.—3 cos 62 sin‘#, 


+similar terms of opposite sign in 6; 


~ spas (F 7) [ 21 cos® 6, sin® 0-2 cos® 62 re 


+5 cos 6 sin® 6,+ ete. 


=7._ (2) 409 cos? 0, sin? 6,698 000! 6, sin? 
+ agvaa() | 429 cos’ 6. sin* 6, — 693 cos” 62 sin*6, 


+315 cos® 6, sin® 6.—35 cos 62 sin® 6.+ ete. 


11 
19 10, 
~sauaa(S <) [2 431 cos® 6, sin’, 


— 5148 cos’ 6 sin’ 0, eS cos® 6, sin’@, 





— 924 cos? 6, sin’ @.+63 cos 62 sin’ 6,+ etc. 


1l 12 
+ aye rao( 2) ‘| 29393 cos!! 6, sin’’6, 


Be cos’ 6, sin’? 6,+ 72930 cos’ 62 sin’6, 


— 30030 cos® 6 sin’ 6,:+5005 cos* @, sin'@, 


— 231 cos 6, sin’ 6,+ ete. 
\ 
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—aqioanea(s) | 185725 cos’ @, sin'* 6, 
— 579462 cos"! 6, sin'* 6, + 692835 cos? 6, sin" 6, 
_ oe cos’ 6, sin'* 6, + 109395 cos® 6, sin" 6, 
— 12870 cos*® 6, sin'* 6,+429 cos 6 sin @, 
+ etc. 


715 a\!" is 1a 
sargneia( =) [ s694845 cos 0, sin™ 62 
— 35102025 cos" 6, sin'® 6, 

+ 50702925 cos! 6, sin’® 0, 
— 37182145 cos® 6, sin’ 6, 
+ 13718133 cos’ 6, sin'® @, 
— 2909907 cos® 6, sin" 6, + 255255 cos? 6, sin'® 6, 


— 6435 cos 62 sin' 6,+ ete. 


2431 /a\" pres | ths 
aivsuoia(s) | s4s22395 cos” @, sin’® 6, 
— 267146840 cos" 6, sin’® 6, 

+ 452426100 cos™ 6, sin'® 6, 
— 405623400 cos" 6 sin'® @, 

1859107250 
-f WAR ene 
— 59491432 cos’ 6, sin'® @, 
+ 9053044 cos® 6, sin'® 6, 
_ 1847560 

3 


+ 12155 cos 6, sin® a+ete. | 


4199 a\?! a’ 
137438953472\c 883631595 cos’® @, sin” 6, 
— 4083810885 cos” 6, sin” @, 

+ 7934261148 cos” 6, sin” 6, 
— 8415125460 cos" 6, sin” 6, 
+ 5293385370 cos" 6, sin” 6, 
— 2007835830 cos® 6, sin” 6, 
+ 446185740 cos’ 6, sin” 6, 

. 2077? 1as4 cos’ 62 sin” 6, 
+ 2909907 cos® 6, sin” 6, 


— 46189 cos 6, sin” a,+ete. | 


ae 





cos’ 02 sin’ Oe 


cos® 6, sin'® 6, 
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We must now express all quantities in terms of c and of the cop. 
stants of the cylinder. 


t @_[1—cos 6]! 
an 2” 1 1+cos 0 


cos 6,= — @t1yI (always negative) 


; c ~ f 
Sl @ = > a 1 ‘ Ss S y 
sin 0, (2 +1,%)3 (always positive) 

1 


cos 6, = ar (always positive) 


(c? + lL; 
;, c roan 

sin 0,= (24138 (always positive) 
2+l?2=r;? +172=r,? 





Substituting these values in formula (7): 


E —cos 6. 1+ cos at 





rt. 2 
a — ee s 
\ 2apaG | + 2% log 1+ cos 6, 1—cos 0; 


(a Pet +h, | tly +1 
4 o8 (c? + 1,?)3 —l, (c?+1,?)2 —l, 
=$[ toe (ro +12) _— log (r2—1) 


og (r+) log (rib) | 


ie: 
+2 | 


Sl 3f, St 3l 
5 ees Cre. wrth... VT 
a | 7 + T° ry F 1 


Te 


L 5 a’ 211,° 7018 _ 5h, 
' 2048 rg’ «= 3r,® or! 
+ similar terms in/, and n| 


7 4291,’ 6931.5 3151.3 
i a, exes enero — > QuEEEEEEEED GED Guanes 
327 8 r,'6 ? he r." 
+332 ete. | 
Te 
21 _,,[24311, 51481," 18018/,5 9241.9 
* 962144” \ 








ra! T,*' Sr* Ts 








1. = 
a ae 4 ete. | 


2 








4 33 


429 


2097152 
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af sananatet 2309451." 729301," 


r;” 3r,"! r,* 





5 3 
gam uJ — +73 ete. | 
2 2 . 


is 1857251,"> 5794621," 


67108864 ” a 


692835l1,° 27713401," 
+ Po? o Tr — 
2 2 
1093951,° 128701, 


re" r,"" 


jee + ote. | 
T2 








31 29 


715 "{ 96948451," 35102025/,° 


* 9147483648 


T2 ip 


507029251,"! 37182145l,° 
a - 6 
To 


Te 
1454953512", 29099071s! 


rs” r,*! 


RrOrr] 3 3 
SORA BOs a ete. | 


vf," 


rl? 


2431 1 2671468401," 


* 171798691847 


r_** re” 


9°! 


+, 4524261000)" 


_ 4056234001," 


re" 


1859107250, 
Or?" 
594914321,’ 
—. 38 2 
, 905304415 1847560/,' 
+ — — — — 


lon? 3r_7! 


2155l, 
1 12180 ot] 
T2 
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_ 4199 _ nf _ 8836315951," 
137438953472 r,** 
4083810885/,!" 
r,°" 


_ 79342611481," 


re 





- 


84151254601," 


re 


__ 52933853701," 
re?! ‘iba 
20078358301," 


+ : 
7 


_ 4461857401, 


re! 








2677114441, 
 — 


_ 2909907/,° _ 461891, ] 
+e? Ohe. 


re? 








Differentiate with respect to c, noting the following relations: 
r2= (c?+1,")3 


dry _ c 

dc T2 
and similarly: 

dr, _ Cc 


dc rT; 





We obtain the following formula for the component of the force 
of attraction in the direction of c, that is, perpendicular to the axis 
of the cylinder: 





= Bice b, ih str] 
7. TAGE 1?) * 


3 
oy 2 8 similar terms in /, and r| 


aa 


7 3 J 331.5 301.3 5l, 
p=" aa rpaedt ¥ ae gil *F. dea : 


dc 
_ 680° [71517 100115 , 38513 _ 7 horny 
16384] 7,” ie a 2! 
, 2314") 41990, 79560," , 49141,* _ 10921,! 
131072L 2” nn” ae 











Constant of Gravitation 


1 03h 4294? po 
3} +ete. |- 1048576. 


124355 ia» SOCSEO 392701,5 57751,8 


Ts 23 Fs rei? r,!" 
— 28 weak 6435a'* [ 3343051," 
+ 33554432, r” 


sesrzoly! 10620471" oe 


r 3" rs 


1385671, 145861,° amt ‘3 





ro! Ts 19 


121554" ramadan’ soaeoass, 
1073741824 ro rr 


, 8052817519! 546796251," 1 


Tar het) Coe + 
re” re" 


_ 35945911,° | 285285/,% -_ na 


eet Hn: . a H- 
ro ro"! 2'® 


46189a"* yerey 4639918801," 


8589934592 Pe 79° 
+.7381689001, 8 6191094001,"" 2935432501," 


ry” r° 1 a 








_ 782782001,’ 41 109589481,5 6806801, 


To ts rr, 7" 


+- 121 ete | 


88179a” [ 1641030105/," 


68719476736 ry" 
_ 71952858451," , 132237685801." 


rx ro 


_ 13223768580h"* , 78140450701," 


T° ro* 


_ 277272 567012) SE 637408201,° 


rg°! 27 


r2 
318704 Uh sor, ete. | 


r,> 




















4 


As an illustration of the rapidity with which the series (11) con- 
verges, take the following simple case of the attraction of a cylinder 
upon a point at the middle of its lateral surface: 


a=c=1,=l,= 10 
r3=7,= 1072 


18296°—30——-6 
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Omitting the factor zpcG, the successive terms and their sums gp 
shown in Table 5. 
TaBLeE 5.—Convergency of series 





Term | Value of term | Sum of series 





+1. 4142136 1. 4142136 
. 5467961 
. 5398908 
. 5846039 
. 5351774 
. 5857007 


. 5356299 
. 5355601 
. 5355706 
. 5855814 
. 5855797 


KOOe] Oarwnhe 


— 

















For points farther distant from the axis of the cylinder the con. 
vergence is more rapid. 

Equation (11) may seem formidable, but it is comparatively simple 
in practical application. Inspection of the formula shows that, as 
often happens in series, the first term is apparently anomalous, but 
that beginning with the second term certain laws are discoverable. 

Disregarding for the moment the numerical factors, it will be seen 
that within the parentheses we have a series of literal terms contain- 
ing /, and r2 followed by an exactly similar series containing /, andr, 
Moreover, as we pass down the terms of the whole equation, we find 
(still disregarding the numerical factors) that there are certain moduli 
or multiplying factors by which any term can be converted into the 
next following. An example will make this clear. Take the second, 
third, and fourth terms of (11), bringing in the factor a? from the 
general factor rpa?cG@: 

al, 


a‘l,° a’ ls, 
r° 9! : 
al, al,®  a'ls, 


r,)° vr," rs” ? 





It will be noticed first that the term heading every column is pos- 

tive, and that the signs alternate as we go down the column. wert 

; ‘ al, at,’ 

over, the terms in each column have a common ratio, >t OF 7 
2 

as the case may be. This ratio may be called the vertical modulus. 

There is also a common ratio running diagonally downward and 


2 2 

' a a , , ; 

to the right, 72 Of Tay which we may call the diagonal modulus. 
2 1 


; 2 td ¥ r? 
And there will be consequently a similar horizontal modulus, j2 
2 


Hence, given the second literal term, cach succeeding liter! 


r,? 
i,*" 
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term may be constructed by means of the vertical and diagonal 
moduli and checked by the horizontal modulus; and since each modu- 
ys is concerned only with a, r, and J (constants of the cylinder and 
of the position of the balls), these moduli may be calculated once 
for all the beginning of the computation. 

In addition to these moduli we have the numerical coefficients, 
ynity in the first term, three-eighths in the second, and so on. In 
the third and later terms we have more than one coefficient. Table 
5cives these coetficients for the first seven terms to a sufficient num- 
ber of decimal places to secure an accuracy of 1 part in 100,000 in 
the value of the attraction when a=10 em, /,;+/,=28 cm, and c= 13 
em, which correspond closely to the actual working conditions. 


TABLE 6.— Working coefficients 





Coefficients 











—2. 363 | +0. 0945 





The steps in the computation of the force of attraction of a finite 
cylinder at any external point may now be summarized as follows: 

1. From @, 71, 12, l:, l2, and c, calculate the vertical, diagonal, and 
horizontal moduli. 

2. Calculate the first literal term of (11). 

3. Calculate the second literal term of (11). 

4. By means of the moduli calculate the succeeding literai terms 
(exclusive of the numerical factors). 

5. Complete the calculation by applying to the literal terms the 
proper numerical factors from Table 6. 


2. FORMULA FOR TIME OF SWING 


We have to deal with a torsion pendulum swinging in a nonuniform 
but symmetrical gravitational field, the axis of symmetry, in the 
near position of the masses, coinciding with the axis of the moving 
system, and in the far position being at right angles to this axis. 
Were the field uniform and parallel the formula for the time of swing 


would be 
I € 
P= ey) 3B 3) 


in which J is the moment of inertia of the moving system and 
7+2(FR) the restoring moment per unit angular displacement. In 
this latter expression 7 is the part contributed by the modulus of 
torsion of the filament and =(FR) the part arising from the gravita- 
tional field. 

It might be thought that the effect of the nonuniformity of the 
gravitational field would disappear in the reduction of the time of 
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swing to zero amplitude. As a matter of fact, such a procedure gives 
a value of the constant of gravitation about 60 per cent too great, 
As will shortly be shown we must substitute for R in (13) the quan- 


tity R(1+R/c) in the 
near position, where 
R/e is approximately 
10/13, and in the far 
position a much more 
complicated factor is 
necessary. We, there- 
fore, have instead of > 
(FR) in (13) a quantity 
2(FK), where K is a 
more or lesscomplicated 
function of R, and the 
working formula for the 
time of swing becomes: 


7 
Pte | iti 
r/ 7+ 2(FR) 


(14) 


This equation, togeth- 
er with the factors K 
for the near and the far 
B position, may be de- 
rived as follows. We as- 
sume the cylinder axes 
parallel and _ vertical. 
Figures 7 and 8 show 
sections perpendicular to the axis of the 
cylinder. In these figures let 





Fiaure 7.—Close 
ball plan, near 
position 


B= axis of cylinder. 

O=center of rotation of ball. 

A=neutral position of ball when 
6=0. 

D=displaced position of ball. 

c=distance between centers of 
ball and cylinder in neutral 
position of ball= AB. 


For the near position and for the ball 
close to the cylinder (fig. 7): 


BD=([(0A+ AB)?+ OD? 
—2(O0A+AB)OD cos 6}! 
=[(R+c)?+ R?—2(R+c)R cos 6}! 


=f 1427 (+8)a — cos | 


> 





c 








uk 
B 


Ficure 8.— Distant ball plan, near 
position 
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rm 
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we 
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Expanding by the binomial theorem: 


BD=c| 14+2(1+4) (1—cos @) 
me sa(1 +2) (1—cos 6)?+ 


pDC=BD-—BC=BD-c 
2 2 
=e $+" *) (1-00 0-35 (1+%) (1—cos 0)?+---- 


When @ is small 
2 4 


Ae 2_o 
1 cos 6=5;3 (1 cos 0)"=4 


Neglecting small terms involving the fourth and higher powers of 0: 


L=Litt=Do=d 5 at Se | (15) 
Cc Cc 


Let Fy denote the force of attraction upon the ball at A, and F; 
that upon the ball when at D. The force F will be a function of the 
distance BD between centers of cylinder and ball, though not exactly 
proportional to 1/BD*, since. the cylinder is not barycentric. This 
variable distance BD will differ slightly from the small quantity 
DC=L by the constant c; hence d(BD) =dL. 

Expand F% as a function of BD by Taylor’s theorem: 


dF LP? OF 
dL’ 2 dL? 


=Ff[1+ VL+V-L?+ 


1 dF 1 @F 
F, ae °™! “ir oR ap 


F,= Fo+L 


V= 


Since F decreases with increase of BD, 4 is negative; and since the 
tate of decrease of F diminishes with increase of BD (the F curve being 


concave upward) on is positive. The usual values for these quantities 


were about —0.07 for V and +0.0015 for V;. We shall find it 
convenient to write: 


Force at D=F,=F,{1— VL+ V,L?+ ~---] 


considering both V and V, as positive. For the case of the close ball 
which we are considering L is also positive. 

As the ball passes from A to D its differential increase in potential 
energy will be: 


F,dL = F,[dL— VIdL + V,L7dL + ----] 
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For the small angle @ and the small change in BD contemplated y 
and V, will vary but little. Integrating the last equation we obtain: 


Potential energy = F{L - SVL? + : ViE' | 


Applying (15): 


Potential energy = r §2(: + ‘| + 
= R 
7 yFoR( 4 +e 
For the distant ball (fig. 8) proceeding similarly: 


BD=q 1 #1 Xi — cos a’ 
Cc c 


Expanding and neglecting small terms: 


Bp=q1-%(1-2)a — cos 0) | 


DC=BD-c 


-{-Mi-Bo-eoo] 


L=Lift=DC= -4 5 a 1~ “fe | 


2¢ 
Force at D=Fo=F,f[1— VIdL + V,L7dL] 


in which V and V, are considered positive and, for the distant ball, L 
is negative. 


d (potential energy) = FodL = Fy [dL— VIdL + V,L7*dL) 


Potential energy = FAL —5VI8+ F viL | 


“+f -18-2y) 
a ¢ Cc 


1 R\,. 
= -5FoR(1- <0 


Since (16) and (17) are identical except for sign of R, we may regard 
R as positive for the close ball and negative for the distant ball, and 
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icy) 


ith this understanding write for the potential energy of a cylinder- 
yall system in the near position: 


+5FoR(1+ 2) (18) 


A typical case of the values which (18) may give may be cited from 
the platinum ball set. Denoting the two cylinders by F and W, the 
ball close to cylinder E' by A and the ball close to cylinder W by B, 
we have: 

EA= +228179G@? 

EB=—19417G# 
WA= — 19562G0? 
WB= + 233141G0 


The far position is illustrated in Figures 9 and 10, in which the 
etters have the same meaning as in Figures 7 and 8. By the close ball 


B 








8 

R 0 

Figure 9.—Close ball plan, far FiaurE 10.—Distant ball plan, far 
position position 








in this case is meant that ball which is swinging from A to D toward 
the cylinder at B. Proceeding as in the near position, but keeping 
terms including 6°, we find for the potential energy of the system 
including both cylinders and both balls: 


2\ 3 
Potential energy = — 2| FoR(1 is) *) pb " 
1 14+ Vi R? ' 
Lal pf 1 Ver aie (| _2) lp 
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Each sum consists of four terms, of signs determined as folloys 
@is always assumed positive, the two cylinders are designated , 
N and S (having now been turned 90° from the near position) 
the ball close to the N cylinder is called A and the ball close to the 
S cylinder B, the term close being used in the sense defined aboye 
LF y oy of the different terms within the summation are given jy 
Table 7. 


TABLE 7.—Signs of terms in formula (19) 





Coeffi- Coeffi- Coeffi- 
cient of @ | cient of @*| cient of 63 























In formula (19) the most important term is that in 6. A typical 
case may be cited from the platinum ball set. 


6. 78G0— 87199. 42G6? + 64.63G0° (20) 


The term in 6 is negligible, jointly because of the small vaiue of 
and the small numerical coefficient, but the presence of the term in} 
requires attention. Formula (20) represents the potential energy 
of the moving system, and this should be independent of the sign of 4 
It will be remembered that the moving system was centered in ai. 
muth in the near position, and that this setting was of necessity 


approximate. In passing to the far position the cylinders wer 
rotated through 90°. Had the original azimuth centering been acci- 
rate the far position would be one of equilibrium, and the potential 
energy when displaced would be independent of the sign of 6. The 
presence of a term in @ shows that the far position is not exactly one of 
equilibrium. We may determine this error as follows. 

In a position of equilibrium the potential energy should be a max: 
mum. Differentiating (20) with respect to 6, equating to zero and 
solving for 6 we find: 


6=0.00003888 radian = 8.02’’ 


This correction is so small that we might feel justified in dropping 
the term in @ at once; but to confirm this impression we substitute in 
(20) for @ the corrected value 6+0.00003888, and we find that the 
coefficient of 6 now becomes zero as it should, while the coefficient 
of @ is 87199.40, very near the value in (20). In consequence we 
have to consider in the far position as well as in the near only the 
term in 6”. 

The formula for the time of swing (14) may now be derived. Fo 
any displacement 6 from the equilibrium point: 


Kinetic energy of pendulum+ potential energy due to fila- 
ment + potential energy of attraction = constant. 
Let J=moment of inertia of pendulum. 
7=modulus of torsion of filament (moment required to givt 
the beam an angular displacement of one radiat) 





Heyl Constant of Gravitation 


snd (21) becomes: 


I dé , 1 2 1 _ ae 
3(@) +57 +s > (FK) 6?=constant 


By reference to (16) and (17) we see that the values of K for the close 
and the distant balls in the near position are respectively 


R (1+2) and —R 1-2 
c c 


In the far position we find the values of K by reference to (19) and 


Table7. 
Differentiating and reducing: 


@9 ++  (FK) 


7B 6=0 (22) 


an equation of the usual form for harmonic motion with a period: 


I 
T=2r VaR (14) 


In the foregoing derivation it has been assumed that the cylinder 
axes are vertical. A more general calculation of a similar nature 
or inclined axes shows that if the inclination of either axis is less than 
15’ the error introduced by considering the axis vertical is less than 1 
part in 100,000. The actual inclination in any experiment was much 
less than this, hence the formulas for vertical axes have been used 
throughout the computations.. 

Formula (14) applied to the near and far positions gives us two 
equations for the two unknown quantities + and G, which latter 
quantity appearsin F. (See formula (11).) Eliminating 7 from these 
two equations we obtain a formula for G. 


V. METHOD OF OBSERVING 
1. CENTERING ADJUSTMENTS 


In the foregoing discussion it is assumed that the center of rotation 
of the moving system is at the middle point of a straight line joining 
the axes of the cylinders. The fulfilling of this condition requires 
three centering adjustments, azimuth, longitudinal and transverse, 
as indicated in Figure 11. These adjustments are best made in the 
hear position of the cylinders. 

The azimuth adjustment was made by observing the time of swing 
at various angular settings of the cylinders. If the moving system 
is centered transversely, the curve of time of swing against azimuth 
will have a single minimum. If the transverse adjustment is sufli- 
ciently off two minima will be present. 

| A typical azimuth centering curve is shown in Figure 12. Such 
curves were usually characterized by a rather broad and flat mini- 
mum; a well-marked double minimum was rare. The minimum 
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point is best determined by means of pairs of points on the step 
slopes, and could usually be fixed to one or two tenths of a degre 
So flat is the minimum tha 
such an accuracy is quit 


‘ sufficient. 
& O- O OC) Having made a first a 
- justment for azimuth, the 
next step was to adjus 
transversely. This adjus, 
ment might have been madd 
“a direct observation of th 
filament, but it was mop 
convenient to work by time 
of swing. The desired point 
is marked here, as in gy 
imuth, by a minimum Or, 
in case the azimuth cep. 
tering is out, by a double 
minimum. 
The longitudinal setting 
t was made by observing 
© O | O OC) the filament through wis. 
dows in the chimney. The 
* curve for time of swing in 
Figure 11.—Centering adjustments this case would be chary- 
a, Azimuth; 6, longitudinal; ¢; transverse. terized by a maximum 
Such a curve was actually 
obtained as a check, but the maximum was so very flat that it wis 
impossible to locate the desired point in this way within sever 
millimeters. 
After a first adjustment of #758 
all three kinds, the azimuth 
and transverse settings were 
repeated, sometimes twice. 
The longitudinal adjustment, 
having a very flat maximum, 
required little precision. 
Theoretically, no further 
adjustmentwould be required 
in the far position. Thenew 
azimuth could be set by the 
scale and vernier to 0.1°, a 
precision equal to that obtain- 
able by centering. As to the 
other adjustments, a little 
consideration will show that , 
the maximum or minimum sy? ” 
must be much flatter than in Fiacure 12.—Azimuth centering curve 
the near position, and that 
these adjustments consequently require less precision in the far that 
in the near position. 
In practice the transverse and longitudinal adjustments were mate 
by moving the sliding dovetailed blocks which held up the beam 3 
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fig. 3.) Such shifts of course necessitated further shifts for correc- 
ion of the transverse and longitudinal adjustments after turning the 
vlinders into the far position. To provide for this the dovetailed 


jocks carried millimeter scales by means of which it was possible 
io recover the center promptly. 


2. LENGTH MEASUREMENTS 
(a) HORIZONTAL 


The horizontal measurements necessary were: (1) Distance be- 
tween centers of balls, and (2) distance between axes of cylinders. 

From these may be calculated the distances from centers of balls 
» axes of the two cylinders, the quantity c entering into the formula 
or the force of attraction. In practice the second of these measure- 
ments was replaced by the distance between the nearest elements of 
the surfaces of the cylinders. This, in conjunction with the radii of 
the cylinders, gave the desired quantity. 

The distance between centers of balls had to be measured with 
the lid of the container lifted. This measurement was therefore 
made twice, before the container was closed and again, some months 
later, at the conclusion of the campaign, when the container was 
reopened. In measuring this distance the microscopes of the optical 
compass were sighted on the tungsten filaments by which the balls 
were suspended, and at a point as far above the balls as possible 

about 3 em). Settings were made on both sides of the filament 
(diameter 0.025 mm) and the mean value assumed to represent the 
point of suspension, vertically above the center of gravity of the ball. 

The distance between cylinders was the most troublesome and 
time consuming of all the length measurements. The first thing was 
to set the cylinders with their axes approximately vertical. To pre- 
vent swaying of the cylinders a small block of aluminum weighing 
about 1 g was placed between container and cylinders at the bottom 
of the latter and fastened in place by a little wax. Similar blocks 
were attached to the container at points 90° from the first blocks, 
to be used in the far position of the cylinders. In changing the 
position of the cylinders the blocks were left in place, and conse- 
quently played no part in the computation. 

The cylinders thus fixed at the bottom were adjusted by the turn- 
buckles guided by a small plumb bob with a fine thread. Calcula- 
tion showed that a variation of 15’ from the vertical was allowable 
with a precision of 1 part in 100,000, and the actual error was always 
much less than this. 

Direct sighting of the microscopes tangentially upon the surface 
of the cylinders being a teelih the following device was found 
to give satisfactory results. 

In a piece of straight brass rod about 1.5 mm in diameter there 
was inserted the point of a fine steel needle. (Fig. 13.) This rod 
was let down into the space between the container and one of the 
cylinders, and supported by a screw passing through a heavy piece 
of brass which, in its turn, was supported by a block of wood fastened 
temporarily with wax to the lid of the container. A similar arrange- 
nent was provided for the other cylinder. Brass rods of two different 
lengths were provided in order that the distance between the cylinders 
ight be measured near the upper and lower ends, 
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In order to record and reproduce the position of the brass rod eg¢} 
wooden block was provided on the top with a short piece of pap. 
scale across which lay the piece of metal supporting the brass rod. 

It was not difficult to adjust the needle perpendicular to the ling 
of sight with sufficient accuracy. The magnifying power of the 
microscope was such that any serious departure in this respect showed 
itself at once by an impairment of focus at the ends of the needle, and 
the apparent change of length being a cosine function the adjustment 
was one which did not require the highest precision. 

The needle was first hung a little distance from the cylinder so thai 
its point was visible, and a sighting mark sought on the n 
little distance back of the point. i 





alll 





made by a slight 
touch of a file 
The distance from 
this sighting mark 
to the point of the 
needle (in terms of 
turns of the mi 
crometer) as r- 
corded for each 
needle immed: 
ately before use. 

The needle 
points were now 
placed in contact 
with the cylinder 
at a determined 
level and settings 
made upon the 
sighting marks. 

The distance re- 
Figure 13.—Sighting mark for determining distance uired is evidently 

between cylinders the minimum dis 

tance that can be 

found by setting the two needles in various positions. The following 
systematic procedure was adopted. 

With the needle point on the left in one fixed position the one 0 
the right was moved step by step along the paper scale until a min 
mum reading was obtained. It was not difficult to obtain a syn 
metrical set of readings in this way. An example is given in Table’ 



































TABLE 8.—Determination of minimum distance 





Right . 
Left needle needle eRe 





15.5 
15. 6 
15.7 
15.8 
15.9 
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Such a series of measurements could usually be repeated with an 
accuracy better than 0.001 cm. dey 

Having located a minimum on one side in this way the needle was 
set at this place and a minimum sought with the other needle. After 
having found this, a second setting for minimum was again made on 
sach side, resulting usually in a very small correction. 

As a check of this method the diameter of one of the cylinders was 
measured at several places. The mean agreed with that obtained by 
the weights and measures division of the bureau to 5 u. 


(b) VERTICAL 


The vertical measurements necessary were those involved in the 
relative positions of centers of balls and tops of cylinders, the inclina- 
tion of the aluminum rod to the horizontal and the altitude of the 
triangular truss. (Fig. 4.) These measurements were made with a 
kathetometer to a precision of about 0.1 mm. For the relative level 
of balls and cylinder tops measurements were taken through the 
windows in the container at the conclusion of each determination of 
time of swing. For the other two measurements, observations were 
made with the lid of the container lifted. 


3. TIME MEASUREMENTS 


In making measurements of the time of swing the general plan used 
by Braun was followed. 

On the day before a series of time observations was intended the 
resting point of the moving system was adjusted so as to lie as near as 
possible to the 12.56 cm mark. On the observing day the initial 
resting point was noted and the pendulum started swinging by means 
of the mercury bottles. Since the swings always passed off the scale, 
the successive amplitudes were watched and controlled by observing 
the speed with which the centimeter containing the resting point 
passed the cross wire of the telescope. The amplitudes of any two 
successive Swings are proportional to the central speeds preceding (or 
following) the peak of the swing. 

The multiplying factor in this case was determined by observations 
made on swings small enough to allow direct measurements of the 
amplitude. The results are given in Table 9. In this table the cen- 
tral speed is the speed at which the image of the scale passed the cross 
wire of the observing telescope, and the amplitude is that of the 
deflection of the image of the scale. 


TABLE 9.—Relation between amplitude and central speed 





Amplitude 
Amplitude | “Speed 


Scale reading Resting Central 
in centimeters point speed 








cm/min. 
1.11 
1.02 
.97 
- 92 
86 
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It was found possible to bring up the central speed to about 
em/min. in about two hours by repeated changing of the positions 
the mercury bottles. This » corresponds to an amplitude of 
about 51 cm. Since the radius of the reflected ray was about 359 
cm this amplitude corresponded to an angular deflection of aboy, 
4°. The actual amplitudes employed in the measurements range 
from something near this figure at starting to perhaps 14° at the end 
of a day’s observing. 

Having obtained the desired initial amplitude the mercury bottle 
were removed, the temperature and pressure within the containe 
noted, and the apparatus room darkened. The observer then took 
his seat at the edapeane in the observing room and observed 24 syp. 
cessive transits, recording on the chronograph the time of transit of 
each millimeter mark from 11.0 to 14.0cem. This required six hous 
in the near position and seven in the far position, during which time 
the observer remained in the same place. 

By the time the observations were finished the central speed had 
diminished to about one-third of its initial value. If the final speed 
was slow, it was difficult to time the transits accurately; if, on the 
other hand, the initial speed was too high a large reduction to zem 
amplitude had to be made in the subsequent computation. Such g 
reduction involves an extrapolation which it is desirable to k2ep s 
small as possible. These two modes of procedure, high and low initial 
speeds, were both used, the initial speeds with the glass ball set being 
about 10 per cent higher than those with the platinum balls. 

The form of the amplitude-time curve for the pendulum was not 
strictly that of the form y=Ae=™ sin ct, and because the pendulun 
moved in a nonuniform gravitational field and because of the damp- 
ing factor, was not exactly isochronous. ‘This difference amounted 
at most to about 1 part in 3,000. Strictly speaking, the method of 
reduction employed by Braun and in the present work is not ap- 
plicable to a nonisochronous curve of this description, but the depart- 
ure from isochronism was so small and the damping factor so nearly 
unity that it was found that results sufficiently accurate could be 
obtained in the manner about to be described. 

The first step was the determination of the damping factor. By 
inspection of the chronograph records the middle point of a swing 
could be approximately located as the point where the intervals 
between consecutive transits were equal. At this point of the scale 
the ratio of the central speeds for any two successive swings in the 
same direction gave the damping factor. This proved to be about 
0.9, and was very nearly constant throughout any given day’s run. 
The absolute value of this factor varied from day to day with vari- 
tions of pressure in the container, being in fact a far more sensitive 
indicator of change of pressure than the manometer. The con- 
stancy of the damping factor for any given run showed that the suc 
cessive amplitudes of the curve followed a geometrical progression. 

The second step was a more accurate location of the middle poi 
of the swings. This can be done with considerable precision by the 
procedure indicated in Table 10. In this table the column headed 
II contains the difference of the numbers in columns 2.5 and 1. 
Where the numbers in Column II change sign is the middle poitt, 
and from this column four values of the middle point are obtainable, 
interpolating between scale readings 12.2 and 12.3; 12.1 and 124; 
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12,0 and 12.5; 11.9 and 12.6. These four values are set down below 
Column II, and their mean, 12.265, is taken as representing the 
middle point during swings 1 and 2. Similarly, swings 2 and 3 yield 
the almost identical value 12.269. 

Any large departure from isochronism would bring about a con- 
jderable difference in the two middle points just calculated. Middle 
points later in the series, where the departure from isochronism is 
less, would show less and less difference. 

It was customary to calculate the middle point only at the beginning 
and end of a run, as indicated in Table 10. It will be seen that in 
ihis case there has been a drift of the middle point amounting to 0.13 
mm during the day’s observations. Where the drift was as small as 
this it was customary to interpolate linearly between the initial and 
fnal values to obtain the middle points throughout the run; but if 
there was any suspicion of irregularity or sudden change this calcula- 
tion was repeated all through the series. 


TaBLe 10.—Calculation of middle point 
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The third step was the application of sinusoidal corrections. In a 
curve of the form y=Ae~% sin ct, to which the actual curve closely 
approximates (fig. 14), the period can be found by the interval between 
intersections with the axis Ot, for which the amplitude y=0, but not 
from intersections with any other line parallel to Ot, such as a dx. 
The point a, must be brought down to its proportionate level a3 by 
the application of the damping factor, after which the period may be 
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found by the difference between the values of ¢ for a; and a3. In this 
way values of the period may be obtained for every recorded transit 
of a mark on the scale, whether at the middle point or not, and a megy 
value of considerable precision obtained. 

From 24 transits we may thus obtain 22 values of the period, corr. 
sponding to steadily decreasing amplitudes of the curve. Of thes 
periods, 11 are obtained from transits occuring on up slopes of the 
curve and 11 on down slopes. Theoretically, in a sinusoid these two 
slopes differ slightly in form, and, consequently, the periods derived 
from the two slopes will differ slightly. For this reason the 22 periods 
were reduced to 11 by taking means of consecutive pairs of up and 
down values of the period. 

After correction of these 11 values for damping they were reduced to 
zero amplitude. For this purpose an equation was used which jp. 
involved the second power of the amplitude. From the 11 values of 
the period normal equations were set up, and solved for the reduced 
time of swing. 





/ 








Figure 14.—Sinusoidal correction 


The time of swing in the near position was usually about 1,754 
seconds and in the far position about 2,081 seconds, and each could 
be measured with a precision of about 0.1 second. The difference, 
327 seconds, formed the critical quantity of the whole measurement, 
and may be presumed accurate to about 1 part in 3,300. It was 
gratifying to find that the average departure from the mean in each 
of the two best sets of observations (with the platinum and the glass 
balls) proved to be of this magnitude. 


VI. COMPUTATIONS 


No useful purpose would be served in reproducing here the con- 
peers involved in obtaining the results, as these details would 

e of interest only to some one planning to repeat the work. The 
complete computations, covering about 1,000 folio sheets, and the 
original notebooks are preserved at the library of the Bureau o 
Standards. 

It may, however, be of general interest to see the relative importance 
of the attraction due to the different moving parts of the apparatus. 
Table 11 summarizes these attractions for a typical case in the neal 
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ysition, and Table 12 does the same for the far position. The 
‘oures quoted are for one of the experiments with platinum balls. 
The numbers given represent the contributions of the different 
noving parts to the quantity 2 (/'K) in formula (14). The force due 
io the balls is, of course, the preponderating factor, being about 99 
per cent of the whole. The next largest figure is that due to the alumi- 
num rod, less than 1 per cent of the total. 


TABLE 11.—Partial values of = (FK) in the near position 





Attraction of both cylinders on moving parts named 





Parts Attraction 





ES ei ne eres | 419, 2154 
Aluminum rod 2, 714G 
OS”. ee 2454 
Copper in bar 14G 
OE TOOMB. «0. <5 42s¢2-~550-<6- 10G 
Tungsten in moving system 6G 
Mirror 2G 





Attraction of other fixed parts on balls 





Supporting rods 
Lower nuts 


106G 
422, 312G 























TABLE 12.—Partial values of = (FK) in the far position 





Attraction of both cylinders on moving parts named 





Parts | Attraction 





| 
| TR Se EE ee eee FP | —174, 3994 
Aluminum rod —1, 608G 
Copper truss- --- | —146G 
Copper in bar--- —6G 
Copper hooks | —4G 
Tungsten in moving system_.--_- —4G 
Mirror | 
—176, 1694 





Attraction of other fixed parts on balls 





Supporting rods —44G 
Lower nuts —8G 


0 
—4G 























18296°—30——7 
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VII. RESULTS 
1. GOLD BALLS 


It has already been stated in the description of the small masgeg 
that trouble was encountered by reason of the gold balls absorbins 
mercury vapor during the seven months’ period occupied by the 
observations. The total increase in mass of the balls is shown jy 
Table 13. 


TABLE 13.— Mass of gold balls in vacuo 





Ball A 





Nov. 15, 1924 48. 9688 | 
June 15, 1925 49. 1067 | 


Increase COR EES PEE Pe en ees Dee ae eee re . 1379 | 


u 








The actual observations for time of swing were all grouped rather 
closely together during the last half of this period. The balls wer 
weighed initially on November 15, 1924, and placed in position ip 
the apparatus, which was then closed and exhausted of air. The 
centering operations required some time and other delays ensued, 
As a consequence, the first actual measurement of time of swing was 
made on March 12, 1925. Seven swings were made in all, alter. 
nately in the near and the far positions, the final swing occurring on 
June 8, 1925. The apparatus was opened and the balls reweighed 
on June 15, 1925. 

The average time that elapsed between swings was two weeks, 
If we assume the absorption of mercury to have proceeded regularly 
during the whole seven months, the increase in two weeks would be 
about 0.01 g. for each ball, or about one-twentieth of 1 per cent. 
If we assume also that the mercury penetrated the gold balls with 
spherical symmetry (which from the final appearance of the balks 
seems reasonable) we may interpolate for the mass of the balls at 
any period of observation without introducing an error of more than 
perhaps 1 part in 10,000. 

Calculation shows that an error of this magnitude in the mass of 
the balls will give rise to an error of about 4 parts in 10,000 in the 
value of G. It was, therefore, thought worth while to compute the 
results for the gold ball set on the basis of the assumptions that 
have been mentioned. The results are shown in Table 14. 


TaBLE 14.—Constant of gravitation derived from experiments with gold balls 





6. 683 X 10-8 
6. 681X 10-8 
6. 676 X10-8 
6. 678 X 10-8 
6. 679X103 
6. 672X10-% 


ees 6. 678 10-8 





Average departure from mean... .003 








2. PLATINUM BALLS 


To avoid the difficulty of mercury absorption a second set: ol 
measurements was made with platinum balls coated thinly wit 
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lacquer. The balls were weighed initially on October 10, 1925, and 
fnally on November 17, 1926. The initial weight was that of ball 
and hook; the final weight included such portion of the tungsten 
flament as was wrapped around the hook, together with the trace of 
wax that held it in place. The final weight was used in the com- 
putations. The results obtained are shown in Table 15. 


TABLE 15.— Masses in vacuo of platinum balls 





Date | Ball A | Ball B 





Ost. 10 10BB. Salas < cen cule dpe nba 5 Se SSS Ress seeks aes saeseSecenecencso=s5. se 50. 7271 
Nov. 7, 1926. -- = oh sides ene ote sina tig we tlecaieo agi a wl 60. 7162 | 50. 7297 








Five values of the constant of gravitation were obtained from this 
set-up, Shown in Table 16. 


TaBLE 16.—Constant of gravitation derived from experiments with platinum balls 





6. 661X 10-8 
6. 661X 10-8 
6. 667 X 10-8 
6. 667 X 10-8 
6. 664 10-8 


| | Te EP CED ae FE 6. 664 10-8 


Average departure from mean... 002 








3. GLASS BALLS 


A third set of experiments was made with balls of optical glass, of 
density 3.6. These balls, like those of metal, had a mass of approxi- 
mately 50 g, and, consequently, a diameter of about 3cm. The balls 
were made with a finely ground finish and were truly spherical to 
0.001 em. 

The masses of the balls are given in Table 17. 


TABLE 17.— Masses of glass balls in vacuo 





Ball A | Ball B 





Ball with hole empty 51. 1578 51. 1531 
Ga ce Cn en on chk cqecas dieabeketnn lu aeengenoeimiid 51. 2270 51. 2324 








The glass removed in making the hole was in each case about 0.02 g. 
The final weight, with hook, adhering filament, and wax, was used 
in the computations. 

Five results were obtained with the glass balls, shown in Table 18. 


TaBLe 18.—Constant of gravitation derived from experimenis with glass balls 





6. 678 X 10-8 
6. 671X10-% 
6. 675 X10-% 
6. 672X10-* 
6. 6741078 


a 


6. 674X10-8 








Average departure from mean_-.-- 
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It is interesting to compare these mean results and their measures 
of precision. This is done in Table 19. 


TABLE 19.—Comparison of results 





‘ Extreme Mean Average 
Material values value | departure 
TOM mean 





6. 683 | 
6.672 | 6. 678 0. 008 


Platinum 6. 667 |\ 6. 664 


6. 661 \ 
sls 6. 678 
Galss | 6.671 | 6. 674 | 














4. MEAN VALUE 


It will be seen that the spread of the gold ball results is about 
twice as great as those with either platinum or glass, and that there 
is an overlapping of the spreads with gold and glass. It is evident 
that the ood ball results are much less reliable than either of the 
other sets. 

The results with platinum and glass may be rated as of equal 
excellence, the average departure being the same and the spreads 
small and approximately equal. Discarding the gold results and 
giving equal weights to platinum and glass we obtain 


6.669 X 10-8 


with an average departure from the mean of 0.005. It seems advis- 
able to us, however, to retain the gold results at one-third the weight 
of either platinum or glass. This gives as a final result 


6.670 X 107-8 
with an average departure from the mean of 0.005. 


5. DISCUSSION OF RESULTS 


The first thing that attracts attention in the results given in Table 
19 is the apparent difference with the nature of the material. The 
mean values of the platinum and glass sets, for instance, differ by 
an amount five times as great as the average departure of either set. 
Moreover, there is no overlap in their spreads. 

However, an explanation of this variation on the basis of difference 
of material is not admissible. As already stated (footnote (1)) 
Eétvés, by his very ingenious torsion balance method, has demon- 
strated the constancy of the gravitation constant for a number of 
materials (including platinum) to a precision of 6 parts in 10°. He 
did not, however, test optical glass. While there is no doubt that 
the result obtained by Kétvés is universally valid, it seemed best to 
repeat his torsion balance experiment with the balls of platinum and 
glass. This work was carried out by Dr. G. S. Cook, of the Bureau 
of Standards, and is described in Section VIII. The high precision 
of the negative results obtained rules out any attempt to explain the 
variation of results on a basis of difference of material. Some other 
explanation is necessary. 
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To account for the observed differences it is necessary to find some 

«ctor which varies in the several series of experiments and does not 
Jiminate in the near and far positions. Perhaps the first explanation 
that suggests itself is that of incomplete magnetic shielding. The 
evidence on this point (III, 6) appears conclusive, but is strengthened 
by the following considerations. 
‘Gold is diamagnetic and platinum paramagnetic. Any residual 
magnetic effect would, therefore, weaken the attraction on the gold 
balls and strengthen it on platinum; but the values of @ actually 
obtained are less for platinum than for gold. 

It was recognized that the gravitational field in the room was not 
wiform, due partly to the upright stand carrying the pump attach- 
ments, and partly to the walls of the room. ‘Two of these were 
backed with earth and two were merely partitions. 

Such a field, however, being stationary, should produce no effect 
that would not be eliminated in the near and far positions. 

It was recognized also that the resting position of the moving 
system was slightly different with respect to the field of the room in 
the several series of experiments, but it is not apparent that this 
vould produce any effect that would not be eliminated. 

Probably the solution of this difficulty can best be attained by 
vorking with an apparatus sufficiently sensitive to give the next 
decimal place. Should the variation found fail to appear in its 
present place, but be shifted farther on, the difficulty, while not 
explained, would obviously be ascribable to some experimental error. 

Such an apparatus has been constructed, in which the difference 
of the two times of swing is about 100 minutes. This apparatus 
awaits the construction of the next new building at the Bureau of 
Standards, when opportunity may offer to provide a basement room 
lage enough to contain it comfortably. 


VII. THE SPECIFIC ATTRACTION OF PLATINUM AND 
GLASS * 


The experimental values of the constant of gravitation as given in 
the preceding section vary for small masses of different materials by 
an amount greater than the averag edeparture of the single values for 
any particular material. It seems reasonable to attribute this to 
experimental error of some nature, but it is possible to interpret it as 
ea from Newton’s law of the proportionality of mass and 
weight. 

The Cavendish apparatus is not suited for the detection of very 
small departures from this law, since the forces involved are so small, 
but it is possible to test this point in other ways to a very high degree 
of precision. Such experiments have invariably shown, to the degree 
of precision of which the apparatus was capable, that the ratio of 
mass to weight is independent of the material. Pendulum experi- 
ments conducted by Newton ® established this to 1 part in 1,000, 
and similar experiments by Bessel * of a more refined character car- 





‘ A section and the experimental work it describes are due to Dr. G. S. Cook, of the Bureau of Stand- 
rds, 


‘Principia, Book ITI, Prop. 6, Theorem 6. 
” Pogg. Annalen, 26, p. 401; 1832, 
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ried the precision to one part in 60,000. It is worthy of note tha 
Bessel included among the substances tested by him meteoric iron gnj 
meteoric stone. 

The most precise experiments are those of Eétvés," who by 
ingenious application of the torsion balance succeeded in pushing thy 
precision to 6 parts in 10°. The substances examined by him wer 
water, copper, platinum, magnalium, copper sulphate (solid and 
solution), asbestos and tale. As he did not test glass, it was thought 
worth while to repeat the Eétvés experiment with one of the glas 
balls actually employed in the determination of the constant of gravit, 
tion balanced against a ball of platinum. 

In the Eétvés experiment two masses of different materials ay 
suspended from the ends of the beam of a torsion balance. The 
masses may be thought of as acted upon by the gravitational attra, 
tion of the earth (a force which may not be proportional to the masse 
of the two bodies), and by a centrifugal force due to the rotation o 
the earth, which will be proportional to the masses. If then th 
gravitational force is not proportional to the masses the resulta 
forces on the two bodies will be in different directions, and in cons. 
quence a torque must be supplied by the suspending filament in orde 
to hold the beam in equilibrium in an east and west position. This 
torque must be reversed if the beam (together with the torsion head) 
is turned through 180°. 

In practice, the whole apparatus, including observing telescope 
and scale, was rotated. In this way the effect sought would shoy 
itself as a change in the equilibrium position. 

H. A. Wilson ” has given the theory of this experiment in a some 
what simpler form than that employed by Eétvés. The apparatis 
used in the present work was in dimensions and arrangement similir 
to that described by Wilson. 

The torsion balance consisted of a light aluminum beam about 5 
cm long carrying a glass ball at one end and a platinum ball at the 
other. The beam was supported at its center by a tungsten filament 
0.025 mm in diameter and about 43 cm long. The beam was inclosed 
in a case of cast iron with walls 1 cm thick to avoid magnetic dis 
turbances, and the case was exhausted of air to a pressure of about! 
mm of mercury. 

To the case was attached a reading telescope and scale such as att 
used with wall galvanometers. The whole apparatus was placed 0 
a level plate and pivoted so that it might be readily turned about its 
vertical axis. Deflections were read through a window in the cas 
by means of the telescope and scale. Table 20 shows the reading 
obtained. 


— ———— 


11 Annalen der Physik, 68, 1, pp. 11-66; 1922, a Phys, Rev., 20, pp. 75-77; July, 1922 
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TanLE 20.—Resting points in centimeters observed with Eétvés apparatus 





Platinum ball east Platinum ball west 





1. 40 


1. 38 
1. 36 
1. 32 


1. %6 


Mean : 1, 325 








Difference, 0.006 cm clockwise 
Scale distance from mirror on beam, 50 cm 











The formula given by Wilson is as follows: 


9-9 _(5,\__2d0 | 
gq’ (24) sin 20 
in which 


g= acceleration of gravitation. 
2\=change in azimuth angle when beam is turned 180°. 
2d = distance between centers of balls suspended from beam. 
t=period of the earth’s rotation. 
6=latitude of place of the experiment. 
T=period of vibration of the torsion balance. 
r=radious of earth. 
At Washington @= 38° 54’, and the following values were observed: 


T=315 sec. 
2d=4.9 cm 
Taking g=980, we get: 


7 - 
q’ 2A X6X 10 


In the experiment, 2A = 6 X 10~* consequently 


we =3.6X 1078 (25) 


While this result, from its minuteness, is of no importance in the 
present instance, it may be stated for the sake of completeness that 
the difference, regarded as real, is in the direction which would 
correspond to the different values of G obtained for glass and platinum. 
lts only value in the present work is to prove that the difference 
apparently found with glass and platinum is not to be explained on 
a basis of difference of material. 

lhe value of 2A obtained from Table 20 is just about at the read- 
able limit, being read from a scale of millimeters. The gradual change 
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in resting point shown in Table 20 is the typical behavior of a gy 
pension immediately after a load has been placed upon it. | 
quite marked here because of the fact that several hours alway 
elapsed between successive readings. This lapse of time was nega 
sary because of the small damping. 


IX. SUMMARY AND GENERAL CONCLUSIONS 


The value adopted for the constant of gravitation as a result, 
experiments with small masses of gold, platinum, and glass, weighte 
respectively, as 1, 3, and 3, is, inc. g. s. units 


6,670 X 10-* cm’ g™ sec.~? 


with a precision, as measured by the average departure from th 
mean, of 0.005. 

This result agrees well with that obtained by Boys and Bray 
namely 6.66 + 0.01. 

The different results obtained with the various materials used { 
the small masses are yet to be explained, but evidence is given th 
this difference is not to be ascribed to the nature of the material. 


Wasurneton, April 10, 1930. 





THE PROPERTIES OF PURE NICKEL 
By Louis Jordan and William H. Swanger ' 


ABSTRACT 


Rather pure electrolytic nickel was further purified by annealing in hydrogen. 
\ study was made of suitable refractory crucibles and of melting conditions to 
yoduce extremely pure compact metal. The ingots finally prepared were of a 
rity of 99.94 per cent. New determinations of many of the physical properties 
f nickel have been made on the very pure metal thus made available. Data 
re given on density, crystal-lattice constant, melting point. electrical resistivity, 
nagnetic properties, thermal e. m. f., thermal expansion, hardness, tensile 
rength, and reflectivity. 
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I. INTRODUCTION 


In October, 1925, the International Nickel Co., through the courtesy 
{ Dr. Paul D. Merica, assistant to the president, made available to 
he National Bureau of Standards small amounts of two lots of rather 
bure electrolytic nickel for use in such determinations of the physical 
broperties of the pure metal as it might prove possible for the Bureau 
{ Standards to undertake. 

Preliminary melting experiments were carried out with the less 
ure of these two lots of materials. Some further purification of the 
etter of the two lots was undertaken, and vacuum fused ingots of 
is nickel. were made. Suitable specimens were prepared for a 
ariety of determinations of physical properties, namely, density, 
hitice constants, hardness, thermal transformation, melting point, 
acnetic properties, electrical resistivity, temperature coefficient of 
lectrical resistance, thermal electromotive force, thermal expansion, 
nd reflectivity. 


»' With the collaboration of members of the bureau staff, as indicated in the various sections of the report. 
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A detailed discussion of the preparation and purity of the materia 
used in the above determinations is given in the present paper as woe! 
as a fairly detailed summary of all of the above work on physica 
properties. The methods and results involved in certain of the deter 
minations of the properties of nickel are, or will be, described in g¢ijj 
greater detail in separate papers. 

A great many members of the bureau staff have cooperated in the 
securing of these data on pure nickel. In addition to those to whom 
credit is given in the various sections of this report, thanks are espp. 
cially due to H. C. Vacher, of the division of metallurgy, for the deter. 
mination of the gases, and to J. A. Scherrer and C. P. Larabee, of the 
chemistry division, for the determinations of the other impurities of 


the nickel specimens. 
II. MATERIALS 


The two lots of cathode nickel, which were in the form of thin flakes 
of metal, were designated as lot Ni-1—A and lot Ni-2-B. As received 
they were of the following purity: 


| Ni--A | 


Ni-2-B 








Per cent | Per cent 
0.03 

. 005 

. 007 

. 005 

. 004 

.013 








1 Uncertain (possibly 0.005 to 0.012). 


Some difficulty was experienced in making satisfactory deterni- 
nations of sulphur in the original cathode nickel, particularly in the 
metal of lot Ni-2-B. Some analyses indicated no sulphur in Ni-2-3, 
others gave about 0.005 per cent, while still others showed as high as 
0.012. As is shown later, the sulphur found in fused samples of both 
Ni-1—A and Ni-2-B melted under conditions which should not in- 
troduce sulphur, indicated that the actual sulphur content of both 
lots of nickel was of the order of 0.010 per cent. 


TABLE 1.—Effect of vacuum fusion in various types of crucibles on the composition 
of electrolytic nickel of lot Ni-2-B 





Purity of resulting ingot 
Type of 
furnace 





Type of crucibie 
P 





Per vent| Per cent| Per cent\Per cent| Per cent| Per cent 
Arsem _ - .- 0. 59 OED | WWE lecacsesdsese--- 
ISAO ~ Sal . 59 . O15 | } 
= Sa . 016 


Zirconium silicate 

-| RR alundum and No. 5 

alundum cement. 

...| Ziroconium silicate *..._......-|.--do-.. - O11 
.| Sillimanite porcelain (alumi- |---do-- . 008 | 
num silicate). 

C. P. MgO-+shellac = a 


ZZZ 


22 





ZZ Z2ZAZZ. 





| 
| 


Commercial 


__| Same as N-6; second melt 
Same as N-6; third melt__-__-- 
New C. P. MgO-+shellac 


.| Reground C. P. MgO-+Shellac 
sintered MgO; 
inside of crucible fused and 
glazed under electric arc. 


ee. 
| Meee 
High - fre- 
quency. 
Arseim - _. 
.-do. | 


| 








? The nickel of the charge was sifted free of the finer flakes. 
? A different lot of ZrSiO, from that used in N-1 and N-2 melts, 








Oh | 
- 009 | 
ab 


. 008 | 
031 | 





1 The cathode nickel of the crucible charge was a mixture of coarse flakes and the finer as received. 
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III. PRELIMINARY MELTING EXPERIMENTS 


The details of the preliminary melting experiments, carried out 
in order to select the most satisfactory type of crucible and furnace 
or preparing the final specimens, are gre in Table 1. The material 
sed for the crucible charge in all melts from N-1 to N-11, inclusive 
(Table 1), was the less pure nickel, Ni-2-B. The first eight melts 
ere made in an Arsem vacuum furnace (pressures of 5 to 10 mm of 
mercury) as were also melts N-10 and N-11. Ingot N—9 was fused 
‘vacuum (pressure of less than 1 mm of mercury) in the high- 
wnace induction furnace. 

The three melts made in zirconium silicate crucibles were all 
ontaminated by phosphorus (N-1, N-2, and N-4), although the 
irconium silicate used was the commercial refined grade. The 
varbon content of all melts was slightly lower than that of the original 
cathode nickel. This decarburization was noticeable with all types 
pf crucibles, although it was very slight in the first melt in a magnesia- 
shellac crucible.? 

The silicon in the nickel increased very noticeably when the metal 
vas melted in aluminum oxide (N-3) or in zirconium silicate (N-4). 
The alumina crucible, however, contained some commercial alundum 
cement (No. 518), which was probably considerably higher in silica 
than the RR alundum. Increase of silicon in the melt took place 
after some melts in C. P. MgO crucibles (N-6 and N-7) but appeared 
to be not necessarily characteristic of all melts in this refractory 
(N-8, N-9, and N-10). Melts N-7 and N-S8 were, respectively, 
the second and third melts of fresh charges of cathode nickel in the 
same magnesia crucible. In these cases the solidified ingot did not 
wet or stick to the magnesia crucible and could be removed after 
cooling to room temperature by gentle tapping and without injury 
to the crucible. The remelts were made to determine if appreciable 
purification of the refractory occurred on continued use, particularly 
as indicated by an increase in the sulphur content of the nickel ingot. 

The most serious contamination in any of these trial melts was 
that due to sulphur. It has been shown by Merica and Waltenberg * 
that remelted electrolytic nickel is rendered almost completely non- 
malleable by as little as 0.01 per cent sulphur and malleability was, 
of course, essential in the preparation of the specimens necessary for 
the present work. 

In all of the preliminary melts, N-1 to N-10, regardless of the 
nature of the crucible, the sulphur content of the resulting ingot was 
ractically 0.01 to 0.02 per cent, whereas the analysis of the original 
cathode nickel of lot Ni-2-B had shown generally not over 0.005 per 
centsulphur. As has been noted before there may be reason to doubt 
the accuracy of the analytical values for sulphur obtained, even with 
a in the analytical procedure, in the case of this cathode 
nickel, 

A final melt of this lot of nickel (N-11) was made in a crucible of 
commercial electrically sintered magnesia. The inside surface of this 
crucible was fused and glazed by spinning the crucible while an arc 





' ’ The magnesia-shellac crucibles were made as described by R. F. Mehl, J. L. Whitten, and D. P. Smith, 
‘aboratory Production of Pure Magnesia Ware. Ind. Eng. Chem., 17, p. 1171, 1925. 

x ae erica and R. G. Waltenberg, Malleability and Metallography of Nickel, B. S. Tech. Papers 
No, 281; 1925, 
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was burning between two graphite electrodes inside the crucible. | 
was known that the commercial sintered magnesia crucibles which 
had not been glazed inside were prone to contaminate melts with 
sulphur, but it was thought that possibly a dense glaze on the surfacg 
might reduce this contamination and that the glazed surface might bg 
purified in the course of the fusion process. However, the resulting 


ingot (N—11) contained the most sulphur of any of the ingots of th 
first series. 
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IV. MELTS OF THE PURE ELECTROLYTIC NICKEL 


Attention was next turned to the purer electrolytic nickel of lot 
Ni-1-A in the hope that this material would prove lower in sulphy 
after fusion than had the Ni-2-B nickel. The first three ingots 
prepared from this material, however, all showed 0.01 per cent sy]. 
phur (N-12, N-13, and N-14, Table 2). They were melted, respec. 
tively, in crucibles of mullite (aluminum silicate), in fused aluming 
(RR alundum), and in C. P. magnesia bonded with shellac. The 
contamination of the melt with silicon from both the aluminum sili. 
cate and the fused alumina was excessive and was very considerable 
even from the C. P. magnesia. 

It appeared from the foregoing melts (N-1 to N-14, inclusive), 
that the electrolytic nickel contained at least 0.01 per cent sulphur 
in some form in spite of the lower values indicated by analyses of the 
original cathode metal, for all melts of both lots of nickel contained 
at least that proportion of suphur, regardless of the refractory crucible 
material used. There were also indications that new crucibles of 
magnesia bonded with shellac tended either to introduce carbon into 
the melt (N—6 and N-9) or at least to prevent the small, but appreci- 
able, decarburization caused by melting in other oxide crucibles 
(N-1, N-2, N-5, and N-8). Furthermore, when the carbon ip the 
resulting ingot was of the order of 0.04 per cent (N-6), or from the 
type of crucible used might be expected to contain carbon to about 
that amount (N-14), the increase of silicon in the melt even from the 
C. P. magnesia crucible was very considerable. 

It was, therefore, decided to treat the cathode nickel in hydrogen 
at an elevated temperature (for the removal of both carbon and 
sulphur from the metal) and to use C. P. magnesia crucibles bonded 
with a solution containing 2 g of magnesium chloride (MgCl., 6H,0) 
in 100 ml of water.* 

The first hydrogen treatment of nickel was carried out by placing 
a small charge of metal from lot Ni-1—A in an alundum boat within 
a porcelain tube and heating to approximately 1,450° C. in a platinum 
resistance furnace. A stream of dry purified hydrogen was passed 
through the tube during the heating. The temperature actually 
reached was somewhat higher than had been intended and the nickel 
sample fused. As might be expected, the silicon content of this 
fused nickel button was high, namely, 0.14 per cent (NH-1, Table 
2), but the sulphur was gratifyingly low. It was less than 0.002 per 
cent. 

The next hydrogen treatment of nickel was carried out by packing 
rather tightly a 3 or 4 inch length of the middle section of a 1-inch 
diameter fused silica combustion tube with the cathode nickel and 
heating this in a stream of hydrogen to 1,050° C. in a nichrome 
resistance furnace. The heating was continued for about one and 
one-half hours. The metal resulting from this treatment (NH-2) 
was of quite satisfactory purity; it contained less than 0.005 per cent 
of carbon, together with 0.003 sulphur and 0.006 silicon. There 
had thus been a very appreciable improvement as regards carbon 
and sulphur. A small trial melt of this hydrogen-treated nickel was 
made in a magnesia-shellac crucible (N-15) in the Arsem furnace 





+ L. Jordan, A. A. Peterson, and L. H. Phelps, Refractories for Melting Pure Metals; Iron, Nickel, Plati- 
num, Trans. Am. Electrochem. Soc., 50, p. 155; 1926. 
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and produced an ingot entirely satisfactory as regards its sulphur 
content (less than 0.002 per cent sulphur), but had very clearly been 
carburized (to 0.05 per cent carbon) by the crucible and had conse- 
quently picked up silicon to the extent of 0.02 per cent. 

Two small ingots of about 90 g each were next made by melting 
the hydrogen-treated nickel in the Arsem furnace in magnesia cruci- 
bles bonded with magnesium chloride (N-16 and N-17). One of 
the troubles encountered in melting these crucible charges of rather 
thin flakes of nickel, which could not be compressed to a very com- 
pact charge, was that the nickel charge in the crucible appeared to 
lag rather far behind the magnesia crucible in attaining the melting 
temperature. As a consequence, the reaction quite frequently 
encountered in Arsem furnace work in which the graphite of the 
supporting shell surrounding the magnesia crucible reacts with the 
magnesia at elevated temperatures to form magnesium vapors and 
carbon monoxide gas, got well under way while the nickel in the 
crucible was still considerably below its melting point. On all colder 
surfaces close to the heated zones in the Arsem furnace this reaction 
reverses and a deposit of magnesium oxide and carbon is produced. 

There were thus formed thin films of magnesia on the surfaces of 
many of the nickel flakes and when the nickel melted complete 
coalescence was prevented by the thin films of magnesia. When the 
charge was held molten for some time these magnesia films tended 
to be rejected to the metal-crucible wall interface and to the top 
surface of the ingot. 

In order to eliminate these magnesia films, the two small ingots 
N-16 and N-17 were etched in HCl, washed, and then melted together 
in the same type of crucible in the Arsem furnace so as to give a 
single 180 g ingot, N-18. As a final step, ingot N-18 was remelted 
ina vacuum, high-frequency induction furnace under a pressure of 
less than 1 mm of mercury. The magnetic stirring of the liquid 
metal in this furnace very effectively cleaned out all remaining visible 
traces of magnesia films. 

The complete analysis of the resulting ingot (N-19) showed that 
carbon, manganese, phosphorus, and silicon were not detectable. 
The sulphur content was 0.004 per cent, which was believed to be 
sufficiently low to give a malleable nickel. Copper appeared to have 
increased over that present in the original cathode nickel, namely, 
from 0.004 to 0.016 per cent. Cobalt was also 0.016 per cent, about 
the same as in the original material. Iron had increased noticeably, 
to 0.024 per cent, and a small amount of magnesium, 0.003 per cent, 
was present. 

A larger ingot of nickel was prepared by this same procedure. 
Ingots N-20 and N-21, each weighing about 150 g, were cleaned, 
remelted in the Arsem to give ingot N-22, and a final remelt in the 
high-frequency furnace was designated as N-23. This ingot was of 
approximately the same purity as N-19, containing 0.005 per cent 
carbon, 0.004 sulphur, 0.006 silicon, 0.03 iron, 0.006 copper, and 
0.016 cobalt. Manganese, phosphorus, and magnesium were not 
detected and a direct determination of nickel gave 99.94 per cent. 
Later analyses for oxygen, hydrogen, and nitrogen in this ingot showed 
the presence of only 0.001 per cent oxygen and hydrogen, and nitrogen 
not detected. The complete analysis thus totaled 100.008 per cent. 
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V. MECHANICAL WORKING AND PREPARATION OF TEs; 
SPECIMENS 


Ingot N-23 had an over-all length of 9.5 cm and a central primary 
pipe opening at the top surface and extending for a little less thay 
5.5 cm down into the ingot. (Fig. 1.) The upper portion (1.5 to 2.9 
cm) of the ingot was removed by a milling machine for samples fo; 
chemical analysis. The remainder of the ingot was then cut in two 
portions such that all the pipe came in the top portion and the bottom 
(3.5 em in length) was entirely sound. The portion containing the 
pipe was then divided longitudinally in two approximately equal 

parts, designated as B and C. The sound 
na portion at the bottom was designated as D. 
The longitudinal sections B and C were 
mechanically worked to specimens for phys- 
ical tests. Preliminary to working, the 
sharp projecting edges in the portion of the 
pipe in each piece were carefully cut off with 
a small cold chisel. Section B (or C) was 
then carefully hammered cold, with frequent 
annealing, the specimen being manipulated 
in a grooved anvil block so that the pipe 
was worked completely to the outer surface 
of the hammered bar and no seams or laps 
were formed at the edges of the pipe. 

In the early stages of the cold hammering 
of specimen B sufficiently high annealing 
temperatures were not employed and a few 
minute cracks appeared in the metal surface 
in the pipe cavity. The sections of metal 
about these cracks were very carefully fused 

with a small, sharp oxy-hydrogen flame. 

F shee This specimen was then heated for one-half 

1GURE_ 1.—Sections of the h - ; 

split ingot No. 28 our at each of the following temperatures, 

and scleroscope and Rockwell B hardness 

numbers were determined. The results indicated that the pure nickel 

must be annealed at a temperature certainly above 850° C., probably 
at 950° C., in order to eliminate work hardening. 




















TaBLE 3.—Hardness of nickel 





Hardness 
Temperature of heating for one- | 
half hour after cold working | 
“oy | Rockwell B | Scleroscope 








63-68 | 12-19 
52-59 | 8-13 
51-59 8-13 
35-52 7-11 
1 (15-18) 4-6 











1 Too soft for satisfactory Rockwell B measurements. 


Subsequent annealings of specimens B and C were carried out by 
heating the bar in an oxy-hydrogen flame to about 950° to 1,000° C. 





m 
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as judged by eye) for two or three minutes. The nickel was sup- 
ported on fragments of C. P. magnesia crucibles during such 
heatings. 

The specimen was hand forged to a rod which would enter the 
0.330-inch swaging dies. It was then cold swaged, with annealing 
after each pass, through the 0.330, 0.300, 0.275, and 0.250 inch 
swaging dies. The bar was not annealed after the 0.250-inch pass. 
The finished bar weighed 59 g and was 19.5 cm (7.7 inches) long, and 
0.65 em (0.257 inch) in diameter. 

The other portion of ingot N—23 (C, fig. 1) was worked in the same 
manner as B to a bar of very nearly the same size. If differed only 
in being 0.5 em (0.2 inch) longer. 

Each of the swaged bars (B and C) was then cut into five specimens 
as shown in Figure 2. 

Section D of ingot N-23 was at first held in reserve in case any 
specimens from the B or C sections proved unsatisfactory, but finally 
was used as follows: A small disk (marked D-1 in fig. 1) was cut from 
the top of the original D piece for reflectivity measurements; the 
remainder was cut in halves longitudinally; one-half was used for 
melting-point determinations and the other for analyses for oxygen, 
hydrogen, and nitrogen. 

8-2 8-3 8-4 8-5 
or or or or 
C-2 c-3 C-4. CS 


i) ' ) 
L 1 
4/4 os fe ——— Figs 6— hI 
Cy Coy co CA 


Figure 2.—Designation, position, and length of specimens cut from swaged 
nickel rods 


VI. PHYSICAL PROPERTIES 


1. DENSITY 
(By E. L. Peffer 5) 


The density of the pure nickel of ingot N-23 was determined (a) in 
the “as-cast” condition, or rather as quite slowly cooled from the 
liquid and frozen in very large crystals (secs. B or C and D, fig. 1); 
(b) as cold-worked after cold swaging from 0.257 to 0.225 inch diam- 
eter without annealing; and (c) as annealed by heating at 950° C. 
forone hour in vacuum. The results are given in Table 4. 

















TaBLe 4.—Density of nickel 





Form of specimen Condition Density 





g/em3 
| 8.907 (23° C.) 
do | 8.907 (23° C.) 
Cold swaged 8.901 (25° C.) 
8.900 (25° C.) 
) 

-) 





8.903 (25° C 
8.901 (25° C 








' Chief, section of capacity and denc‘ty. 


18296°—30——8 
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The maximum density 8.907 g/em* was obtained in the yey 
coarsely crystalline ingot metal which had received no mechanicg| 
working. The density of the worked metal was slightly less, abou; 
8.901 g/cm* either as annealed or after a 30 per cent reduction jy 
area by cold working. 

The International Critical Tables® give the density of nickel as 
8.90 g/cem® at 20° C. The average density of commercial nickel, of 
purity of about 99.2 per cent, has been given as 8.85+ 0.03 g/em*! 


2. CRYSTAL STUCTURE AND LATTICE DIMENSIONS 
(By R. G. Kennedy, jr.*) 


Preliminary measurements of the lattice constant of the unit cube 
(face centered) of nickel were made on a portion of specimen B-? 
after this bar had been used for thermal expansion measurements, 
The dimension of the side of the unit cube was found to be 3.525 
Angstroms. The calculated density of nickel, based upon this value 
for the lattice dimension, is 8.917 g/cm*® as compared with the deter. 
mined values of 8.907 ‘‘as cast’’ (large crystals) and 8.901 for the 
worked specimens. 

The length of the side of the unit cube of nickel as given by Clark 
is 3.499 Angstroms which gives a calculated density for nickel of about 
9.1 g/em®, which is very considerably higher than experimental values. 
The lattice dimension tabulated by Jeffries and Archer” is 3.54 
Angstroms which corresponds with a calculated density of only 838 
g/cm® which is appreciably lower than determined values. 


3. MELTING POINT 


(By H. T. Wensel and Wm. F. Roeser !!) 


For determination of the melting point of nickel, specimens C-3, 
B-5, C-5, and one-half of D, all of N-23, were combined to give a 
single sample of sufficient size for determinations by. the crucible 
method. All of ingot N-19 remaining after the chemical analysis 
was used for a second or check determination.’ The specimens were 
alternately melted and allowed to freeze. Heating and cooling curves 
were obtained with a precision optical pyrometer sighted into a mag- 
nesia tube surrounded by the pure nickel held in a pure magnesia 
crucible. The crucible and metal were heated or cooled very gradt- 
ally and uniformly, in vacuum, in a platinum resistance furnace. 
Very excellent agreement was shown by the data taken by thre 
different observers on the two specimens which represented two ingots 
of pure nickel. The best value rounded off to the nearest degree for 
the freezing point of nickel, as shown by this work, is 1,455° C. This 
is 3° higher than the generally accepted value of 1,452° C. It & 
assumed that the temperature of the melting point is the same as that 
of the freezing point thus obtained. 





61. C. T., 1, p. 104. 

=" D. Merica, Physical and Mechanical Properties of Nickel, Trans. Am. Soc. Steel Treating, 15, p. 1004; 
1929. 

§ Assistant metallurgist, section of optical metallurgy. 

® Geo. L. Clark, X-Ray Metallography in 1929, Metals and Alloys, i, p. 98; 1929. 

10 Jeffries and Archer, The Science of Metals, pp. 4 and 5, McGraw-Hill Book Co.; 1924. 

11 (hief and associate physicist, respectively, pyrometry section. 

2H. 'T. Wensel and Wm. F. Roeser, The Freezing Point of Nickel as a Fixed Point on the Inia 
national Temperature Scale, B. 5. Jour. Research, 5 (RP 258), p. 1309; December, 1930. 
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TABLE 5.— Melting or freezing point of nickel 





Number of| Average | 
determi- | tempera- | 
nations | ture 


Specimen 
No. 





Freezes | : 
N-19 9 1, 455 
N-23 11 1, 455 








As evidence of the absence of any significant contamination of these 
nickel samples during the many remeltings in the melting point work 
there is offered the fact that the temperature coefficient of resistance 
of wires prepared from nickel samples N-19 and N-23 after their 
use for the melting point determinations was not lower than it had 
been before the many remeltings in vacuum in the course of the 
melting point determinations. (See Table 7.) 

pre for the oxygen, hydrogen and nitrogen content of these 
two lots of nickel were also made by vacuum fusion before and after 
the melting-point determinations. A slight increase in oxygen during 
he remelting was indicated (Table 6), but this increase was without 
any detectable effect on the melting point as evidenced by the fact 
that no “‘drift’’ in the temperature of the melting point was observed 
between the first and the last determination on either sample. 


TABLE 6.—Gases in samples of nickel before and after repeated fusions in determina- 
tions of the melting point 





| 
| | ” 
Condition | Oxygen | Hydrogen | Nitrogen 





| 
Percent | Percent | Per cent 


| Before M. P. determinations-----.- -| ©0001 | 0.0002 | (1) 
After M. P. determinations | ‘ | ()) 


| Before M. P. determinations : (1) | (1) 


| After M. P. determinations . 0. 0002 0. 004 














Not detected. 


4. ELECTRICAL RESISTIVITY 
(By F. Wenner and F. R. Caldwell !%) 


Specimens B-4 and C-4 of N-23, after being used for density 
determinations and magnetic measurements, were cold-rolled until 
ong enough to handle with ease in the swaging machines and were 
then cold swaged to wire 0.079 inch in diameter. This wire was cold 
drawn to 0.0385-inch diameter through a steel draw plate, except for 
the last three passes which were through sapphire dies. During this 
working the metal was annealed in an oxy-hydrogen flame between 
uccessive passes through the grooved ‘elle or through the swaging 
dies and annealed after every two passes through the drawing dies. 
lengths of 120 cm of approximately 1 mm (0.0385-inch) diameter 

te of specimens B—4 and C-4 were used for the resistivity measure- 
ments, first as cold-drawn through the last two sapphire dies from 

0435 to 0.0385 inch diameter, and then after having been annealed. 
he single strand wire, suspended in still air, was annealed at about 
800° C. by means of an electric current passed through the wire. 





* Respectively, chief, section of electrical resistance and assistant physicist, pyrometry section. 
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Following the determinations of the resistivity, sections of th 
0.0385-inch wire from both B-4 and C-4 were drawn to 0.0078-in} 
diameter for the determination of the temperature coefficient of resis, 
ance. In addition to these specimens, there had also been prepare 
wire specimens of N-19 before and after it was used for determinatig, 
of the melting point and of N—23 after use for the same determination 

The temperature coefficient of resistance was determined on thes 
additional samples. These values, agreeing within experimental ery 
with those found for the other specimens, showed that no significapj 
contamination occurred while the melting point was being determine) 


TaBLE 7.—Electrical resistivity of nickel 





Temperature 

Resistivity | coefficient 
at 20° C. | of resistance 

0° to 100° C. 


Condition of metal 





Ohms per ° C. 
per ohm at 
0° Cc. 




















The resistivity of nickel has been given as low as 6.5 microhm-en' 
and 6.9 microhm-cm"™ at 0° C. This latter value is from Fleming$ 
work? and was obtained on a metal whose temperature coeflicien 
between 0° and 100° C. was 0.0061. Copaux ” gave 0.0066 as the 
temperature coefficient, more nearly the value found in the present 
work, but gave the resistivity at 0° C. as 6.4 microhm-cm. ies 
and v. Liempt '* found the temperature coefficient of .an ‘‘ annealed” 
specimen of very pure nickel to be 0.00667. After further heatiny 
of the specimen for 30 minutes at 1,000° C. in vacuum, this value rox 
to 0.00706. 

5. MAGNETIC PROPERTIES 


(By R. L. Sanford 1°) 


Specimen C-2 both as cold worked and after annealing was ust 
for determinations of normal induction, residual induction, and coer 
cive force. The effect of annealing on the normal induction is show 
in Figure 3. 

The maximum permeability of the cold-worked sample was abou 
70, while in the annealed specimen the value increased to nearly 1,00!) 
Values for maximum permeability as high as 1,200 were obtained 
other specimens of nickel from this same ingot N-23. 

For a maximum magnetizing force of 1,000 gilberts per centimett! 
the residual induction in the cold-worked rod C—2 was 3,280 gauss 





=F. D. Merica, Physical and Mechanical Properties of Nickel, Trans. Am. Soc. Steel Treat., 15, p. 10% 
1929. 
15 Int. Crit. Tables, 6, p. 136. pe 
16 J, A. Fleming, Electrical Resistivity of Electrolytic Nickel, Proc. Roy. Soc. (London), 66, p. 50; 1% 
17 M. H. Copaux, Experimental Researches on Cobalt and Nickel, Ann. Chem. Phys., 6 (8), p. 508; 1% 
18 W. Giess and J. A. M. v. Liempt, Electric Measurements on Metals of High Purity, Zeit. fur Met 
kunde, 17, p. 194; 1925. 
19 Chief of magnetic section. 
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with a coercive force of 26.0 gilberts per centimeter. After annealing 
these values were 5,040 and 6.0, respectively. 

Measurements with magnetizing forces up to 300 gilberts per cen- 
timeter were made with the magnetic comparator as described by 
Fischer.” For magnetizing forces from 100 to 3,000 gilberts per 
centimeter the modified isthmus method as described by Cheney * 
was used. There was good agreement between the two methods in 
the range 100 to 300 gilberts per centimeter common to both. 

The saturation value of intrinsic induction (B—H)o, of a ferro- 
magnetic material is a function of the constitution and is not other- 
wise dependent upon its condition. The value found for sample C-2, 
both in the cold-worked condition and after annealing, was 6,150, 
which agrees with the value given by Droz™ and Hegg.* This is 
also given as the best value by McKeehan * in his article on ‘‘Ferro- 

magnetism.” 
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Figure 3.—Normal induction of pure nickel 


The temperature of the magnetic transformation of nickel from the 
ferromagnetic to the paramagnetic state is rather indefinite and 
depends somewhat upon previous history. Various authors give 
values ranging from 340° to 380° C. The temperature appears to 
be higher the purer the material. 

Several determinations made by the magnetometric method using 
an astatic magnetometer * gave on sample C-2 an average value of 
380° C: on heating and 371° C. on cooling from approximately 500° C. 
The individual values ranged from 372° to 387° C. on heating and 
367° to 377° C. on cooling. The uncertainty seems to be character- 
istic of the material and does not depend upon the conditions of 
test, as no such variation was found for pure iron with the same 
apparatus under similar conditions. 





*M. F. Fischer, Apparatus for the Determination of the Magnetic Properties of Short Bars, B. S. Sci. 
Paper No, 458; 1922. 
1 W. L. Cheney, Magnetic Testing of Straight Rods in Intense Fields, B. S. Sci. Paper No. 361; 1920. 
“ Droz, Abram, Determination of Absolute Value of Intensity of Magnetization at Saturation, Arch. 
des Sci. Phys. et Nat. (4), 29, p. 204; 1910. 
* Hegg, Felix, A Thermomagnetic Study of Nickel Steel, Arch. des Sci. Phys. et Nat. (4), 29, p. 592; 1910. 
. McKeehan, L. W., Ferromagnetism, J. Frank. Inst., 197, Nos. 5 and 6; 1924. 
* Sanford, R. L., Apparatus for Thermomagnetic Analysis, B. S. Jour. Research, 2 (RP 50); 1929. 
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6. THERMAL TRANSFORMATION 
(By H. C. Cross *) 


The temperature of the thermal transformation of solid nickel was 
determined by thermal analysis on specimens B-3 and C-3. These 
specimens, mounted on a platinum/platinum-rhodium thermocouple 
inclosed in a quartz tube were heated and cooled at a definite rate ip 
a modified Rosenhain furnace.” A vacuum equivalent to 0.01 to 
0.001 mm of mercury was maintained in the tube. Readings every 
0.02 mv (approximately 2° C.) were automatically plotted as an 
inverse-rate curve on a recording chronograph.* From these the 
transformation temperatures given in Table 8 were obtained. 


TABLE 8.—Temperature of thermal transformation in nickel. 


y Determined by 
thermal analysis 





| Temperature of transformation 





Specimen 


No. 


Heating 


Cooling 





Maximum 


Ending 


Beginning 


Maximum 


Ending 





0; 
353 
351 





<— 
359 
357 


a | 
351 and } 
332 


351 


wis, | 
316 
342 




















7. THERMOELECTROMOTIVE FORCE 
(By F. R. Caldwell ”*) 


The thermal electromotive force of pure nickel against platinum 
was determined over the range 0° to 1,100° C. by using nickel wires 
from specimen C-4 of ingot N-23 and platinum standard Pt 27 of 
this bureau. The curve shown in Figure 4 has been drawn from data 
taken at 25° C. intervals over the entire temperature range. The 
change in the curve in the region of the magnetic transformation of 
nickel is readily noticeable. The values of the electromotive force 
at 100° C. intervals with the cold junctions at 0° C. are given in 
Table 9. 


TaBLe 9.—Thermal electromotive force of nickel against platinum 








Tempera- 
ture of hot 
junction 


E.m.f.¢ 
Pt-Ni 





Ke +A 
100 
200 
300 
400 
500 
600 





Millivolts 
1. 485 


3. 105 
4. 590 
5. 450 
6. 165 
7. 040 





Tempera- 
ture of hot 
junction 


E.m. f.¢ 


Millivolts 
8. 105 

















*Nickel is thermoelectricaliy negative to platinum; that is, in a simple thermoelectric circuit formed 
by these two metals, the current fiows from the platinum to the nickel at the cold junction, 


% Formerly assistant metallurgist section of thermal metallurgy. ; : 

%7 Scott, Ht, and Freeman, J. h, r., Use of a Modified Rosenbain Furnace for Thermal Analysis, B. 8. 
Sci. Paper No. 348; 1919. 2 

28 French, H. J., A Recording Chronograph for the Inverse Rate Method of Thermal Analyses, B. °. 
Tech. Paper No. 230; 1923. : 

*% Assistant physicist, pyrometry section. 
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Swanger 
8. THERMAL EXPANSION 


(By P. Hidnert *) 


The thermal e me of nickel was determined on specimen B-2 
of ingot N-23. This specimen, originally 10 cm (4 inches) long by 
0.6 em (0.24 inch) in diameter as used in the magnetic tests, was 
annealed and then cold swaged to a diameter of 0.35 cm (0.14 inch) 
and 31.1 em (12 inches) Jong. During the swaging the specimen was 
annealed after each pass. 
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Figure 4.—Thermal electromotive force of pure nickel 


Ordinates are the thermal e. m. f. of =. couple Pt-Ni; at the cold junction, the current dows 
from Pt to Ni. 


Expansion measurements were taken from 25° to 900° C. A large 
number of observations were taken between 300° and 400° C. in an 
attempt to locate a transformation region. 

An irregularity in the rate of expansion was shown in the region 
near 350° C. 


sean, sie sicist, section of thermal expansivity. 
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TaBLe 10.—Thermal expansion of nickel 











[Vol. 5 





,| Average Average 
Temperature! coefficient || Temperature | oooficient 
Tange per °C, range per ° C, 
Gn® 0.) X108 Gn*C.) X108 
25 to 100 13.3 400 to 500 15.9 
25 to 300 14.4 500 to 600 16.9 
25 to 600 15.5 600 to 700 17.1 
25 to 900 16.3 700 to 800 pe 
100 to 200 14.4 | 800 to 900 18.6 
200 to 300 15.4 300 to 600 16.5 
300 to 350 17.2 | 600 to 900 17.8 
350 to 400 16.4 } 




















9. HARDNESS 


Hardness measurements were made on specimens B-3 and (-3 
after they had been used for thermal analysis. The Rockwell 3 
hardness could not be determined satisfactorily as the metal was 
too soft. The Rockwell numbers given in Table 11 were determined 
by using a 100 kg load and a one-eighth inch ball. Brine! and 
Scleroscope numbers are the average of the number of determins- 
tions shown by the figure in parentheses. 


TaBLeE 11.—Hardness of nickel 

















Hardness No. 
 . a ee he a en 
a Scleroscope} 100 ke 3 
| inch ball 
B-3 68 (4) 5.0 (3) 42 
C-3 78 (4) 5.0 (3) 44 
! 








10. TENSILE PROPERTIES 


Sufficient material was not available for making satisfactory 
tensile tests. However, that portion of the 0.139-inch diameter 
rod remaining after thermal expansion measurements and _ after 
cutting a portion for spectrographic tests was broken in tension. 
The annealed bar broke under a load equivalent to 46,400 Ibs./in’ 
The surface of the bar became so roughened during the flow result 
ing from the tension loading that the gage marks were entirely 
obliterated. The elongation was certainly 25 per cent in 2 inches, 
probably considerably more. 


11. REFLECTIVITY 


Measurements of the ultra-violet reflectivity of a specimen of this 
pure nickel (D-1 fig. 1) have been made and already reported by 
Coblentz and Stair * and compared with the reflectivity of elec- 
troplated nickel and of commercial refined nickel. Their results 
are fully recorded 3 in Fi igure 5, the curve designated as "a & S vacuum 








B. 


31 Cc hate W. W. 


, and Stair, R., 


8. Jour. Research, "2 (RP39); 1929. 


Reflecting won of Ransiients Cc hoemntiem, and Several Other Metals, 
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fused ”” representing the results obtained with the pure nickel de- 
scribed in this paper. 


VII. SUMMARY 
The physical properties of nickel of a purity of 99.94 per cent a 


summarized in Table 12. This metal was electrolytic nickel fuse 
in vacuum and contained not over 0.001 per cent oxygen. 


oa 
o 


a 
oa 


8 


Nickel 
4----AHagen & Rubens,Electroplated 
O--—O Hulburt ,Electroplated 
o—o C & S, Electropleted 
o—e C&S, Vacuum Fused 
t—+ C&S, Rolled rod 


Reflectivity 
8 8 


wo 
o 


300 350 400 450 500 550 


FiaureE 5.—Ultra-violet reflectivity of pure nickel 


TABLE 12.—Summary of properties of nickel 





Numerical value Remarks 





Density Worked and annealed. 


Calculated from lattice dimensions. 


As cast. 
8.901 


Length of side of unit cube (face | 3.525 Angstrom units 
centered). 
Melting or freezing point 4 International Temperature Scale. 
Electrical resistivity 7.236 microhm-cem at 20° C..-.| Annealed. 
Temperature coefticient of electrical | 0.0067 ohms per ° C. per ohm | From 0° to 100° C. 
resistance. at 0° C. 
— value of intrinsic in- | 6,150 gausses_-...........-.-.-- 
duction, 
Magnetic transformation By magnetometer measurements. 
Thermal transformation By thermal analysis. 


te 35: mv at 100° C__..--..-- i{Nickel is thermoelectrically neg- 


n . , 3 % oc 
Thermal e. m. f. vs. Pt 6.165 mv at 500° C_-...--------|F ative to platinum. 


12. 130 mv at 1,000° Cc 
25° to 100° C 


Average coefficient of thermal ex- : 25° to 300° C. 
pansion 300° to 600° C. 
600° to 900° C. 
Hardness: 
Baby Brinell 
Scleroscope 
Rockwell 100 kg load; 14-inch ball. 
Tensile strength 46, 100, tbs. fin.t._..........-..--] 1 specimen only. 
— RS 











W. ASHINGTON, October 3, 1930. 
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THE FREEZING POINT OF NICKEL AS A FIXED POINT ON 
THE INTERNATIONAL TEMPERATURE SCALE 


By H. T. Wensel and Wm. F. Roeser 


ABSTRACT 


The freezing point of nickel was determined by measuring with an optical pyrom- 
cter the ratio of brightness of red light of wave length 0.6533 u emitted by black 
bodies at the freezing points of nickel and gold, respectively. The nickel was 
frozen in magnesia crucibles in vacuo. The freezing point was found to be 
1,455° C. on the International Temperature Scale with an uncertainty of 1°, 
based on the value 1,063° C. for the freezing point of gold and 1,432 cm deg. for 
(>. 

The temperature coefficient af resistance of the two separate ingots of nickel 
used was approximately 0.0067 in the interval 0° to 100° C. The chemical 
analyses indicated the purity of the nickel as 99.94 per cent. 

The importance of the nickel point in optical pyrometry is discussed. The 
freezing point of pure nickel in magnesia crucibles was found to be very satis- 
factory as a fixed point in accurately extending the high-temperature scale be- 
yond the platinum point. 


CONTENTS 


. Introduction 

. Previous work 

. Purity of nickel 

J, Experimental work and results 
’, Discussion 


I. INTRODUCTION 


From the standpoint of optical pyrometry, the freezing point of 
nickel occupies a unique place on the temperature scale. The loca- 
tion of this point is such that it may be very usefully employed as a 
starting point in fundamental work in optical pyrometry at very 
high temperatures. The manner in which the nickel point can be 
used and the reason for its importance will appear from a brief de- 
scription of the procedure followed in measuring such temperatures. 

On the International Temperature Scale,’ adopted in 1927, the 
temperature ¢ of a black body above 1,063° C. or 1,336° K. (the 
freezing point of pure gold) is defined by the formula 


J 1.432/ 1 1 
log. R=log.'y, = 5 ( 7355-7273) (1) 


whence 
nM at pile ip d log. B 
t+273 1,336 1.432 








1G. K. Burgess, B. S. Jour. Research, 1 (RP22), p. 635; 1928. 
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In this formula J, is the intensity of monochromatic visible radig. 
tion of wave length \ cm emitted by a black body at the gold poin, 
and J is the intensity of radiation of the same wave length emittaj 
by a black body at temperature ¢° C. 

In principle, the procedure followed in determining the tempers. 
ture of a black body is as follows: An optical pyrometer is sighted 
into a black body at the melting or freezing point of gold. This 
black body may be either a furnace in which is mounted a thermo. 
couple with a bit of gold welded between the hot junction ends (wir 
method) or preferably a hollow inclosure or sight tube immersed jn 
a crucible of melting or freezing gold (crucible method). The cup. 
rent which must be sent through the pyrometer lamp to secure q 
brightness match in the field of view is determined. When oper. 
ating at this current, the lamp is said to be operating “‘at the gold 
point” although the actual temperature of the filament may not be 
1,063° C. The optical pyrometer is next sighted into the black body 
at temperature ¢ and, still operating the lamp at the gold point, an 
absorption device of known transmission is introduced which wil 
reduce the light from the black body to the proper intensity to again 
produce a photometric match. The reciprocal of the transmission 
of the absorption device may then be substituted for R in equation 
(2). If a spectral pyrometer is used the value of \ may be obtained 
from the monochrometer setting. If a Morse pyrometer is used the 
value of \ for the red screen may be computed by methods described 
elsewhere? from the spectral transmission of the screen and the 
observer’s visibility curve. The transmission and the value of } are 
sufficient to determine ft. 

For precise work in optical pyrometry, the only absorption devices 
whose transmission can be determined with sufficient accuracy are 
either rotating sector disks or absorption glasses whose effective 
transmission has been accurately compared with that of sector disks. 
In either case the determination of the ratio of brightness in the 
formula (2) rests upon a geometrical measurement of the angular 
opening of a sector disk. For small angular openings of the order of 
1° or less, the percentage error in determining the transmission 1s 
significant. 

While the definition of the temperature scale requires a measure- 
ment of the ratio of brightness R in a primary temperature measure- 
ment, it is not necessary that this ratio be determined in one step. 
Suppose the intensity of a black body whose temperature ¢ is to be 
determined is J, that of a black body at the gold point is J;, and that 
of a black body at an intermediate temperature tm is Jm. We may 


determine separately the ratios 2 and om, without resorting to 
1 


sectors of very small angular openings. Two sector disks are used 
whose transmissions are approximately equal to these ratios or one will 
serve if these ratios themselves are not very different. 

After the values of current for the pyrometer lamp have been 
determined for the gold point and for the temperature t,, through the 
appropriate sector, the current value is then determined for the 
temperature ¢,, with the sector removed. The pyrometer is then 
sighted upon the black body at temperature ¢ through the other 





_ 4 Fairchild, Hoover, and Peters, B. 8. Jour. Research, 2 (RP65), p. 930, 1929. 
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sector which will produce a brightness match with the lamp operating 
st the intermediate temperature ¢,. 
Then 
J m 
1 1 d log. a 


1,336 #,+273 1.432 


a 
1 ;, | eee 


tmt+273 #t+273 1.482 =A, 





=A; 





Adding 
Ree 
1,336 ¢+273 





=A,+ A, (5) 


The values of \ and )’ will differ slightly but can easily be computed 
as previously stated. 

In sighting into a black body through a sector disk, it is necessary 
for accurate work to use a disk of fixed opening, which can be accu- 
rately measured on a circular dividing engine because sector disks of 
adjustable opening can not be made accurately enough. Therefore, 
since a sector must be made before the proper opening is known 
exactly, it can not be expected to produce a match when the lamp is 
operating exactly at the gold point, and the pyrometer lamp, in 
actual practice, must be operated at some neighboring temperature, 
say tf) to secure a match. The working equation then becomes 


.* 7 - r log. T 
+273 i +273 1.432 (6) 


where T is sag of the angular opening of the sector in degrees. The 


value of tf) may be obtained from the current-temperature relation * 
for the lamp and, if it does not differ very much from 1,063° C., can 
usually be determined to 0.1° or 0.2° C. 

Since the light of wave length 0.65u given out by a black body in 
the neighborhood of the gold point varies approximately as the 
seventeenth power of the absolute temperature, the angular openings 
of the sector disks used in optical pyrometry are small, usually a few 
degrees or less. As an illustration, Table 1 shows the angular open- 
ing and corresponding per cent transmission of sector disks that will 
permit measurement of various temperatures first, when the lamp is 
operated at the gold point and second, when the lamp is operated at 
some higher temperature, such as the nickel point. The nickel point 
has been taken as 1,455° C. and ) as 0.65, approximately the effec- 
tive wave length of the types of red screen usually used. 





' The methods for determining this relation are fairly obvious and will not be discussed further. 
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A glance at the table will show that if a primary measurement i 
to be made of a temperature above 1,800° C., a sector of opening les 
than 1° must be used o 
the pyrometer lamp must 
be operated above the gold 
point. Itis not practicable 
to use openings of this size, 
since the uncertainty in ther 
measurement can not easily 
be reduced below 20 seconds 
of arc or about one-half of! 
per cent for a 1° sector. 

For some years the prar- 
tice at the National Bureau 
of Standards has been to 
use, for securing the inter 
mediate temperature, a plat 
inum cylinder of the form 
shown in Figure 1, heated 
in a platinum-wound fu 
nace. The thermal con- 
ductivity of platinum 3 
great enough to insure 8 
fairly high degree of ten- 
perature uniformity in the 
cylinder and by the use o/ 
storage batteries for sup- 
plying power to the furnace, 
the temperature may le 
kept constant except for: 
slight drift. It would b 
far better, however, to us 
a fixed point and make 
o- observations on a black 

ete : body immersed in a freezily 
FIGURE ny vere oe black body metal. A fixed point woull 
for use in electrically heated furnace snaure that the observatiols, 


both with and without the sector, are being made upon a sour 
of the same brightness. Another advantage lies in the fact. ths! 
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the ratio of brightness from the fixed point used to the gold point 
van be determined once for all if a really satisfactory point can 
he found. 

The upper limit above which a pyrometer lamp should not be 
operated is determined largely by the changes which take place in the 
current-temperature relation with continued use at high temperatures. 
It is, of course, possible to determine and take account of these 
changes, but when the drift is not very slow, this work becomes both 
laborious and doubtful. 

Aninventory of the metals whose freezing points lie within the usual 
range of operation of pyrometer lamps shows a scarcity of metals 
which are readily available in a state of purity satisfactory for use as 
fixed points. The palladium point, which has been recently deter- 
mined * as 1,554° within 2° and probably within 1° on the Interna- 
tional Temperature Scale, is unfortunately somewhat above this range. 
The copper point is too near the gold point to offer any advantages. 
Nickel is unique in being the only promising metal with a freezing 
point in the usable temperature range and also provides a fixed point 
near the upper limit of this range so that its use extends the range of 
temperatures measurable in this manner as far as practicable. 

The present work was undertaken not only to obtain a more accurate 
value of the freezing point of nickel, but also to investigate the suit- 
ability of this point as a base from which to determine temperatures 
beyond the reach of the optical pyrometer when using only sector 
disks and a lamp operated near the gold point. 


II. PREVIOUS WORK 


Between 1895 and 1905 a number of values for the melting point 
of nickel were reported as shown in Table 2. These ‘values were all 
determined by the use of thermocouples which had been calibrated at 
a number of points and for which an equation was deduced for the 
e.m. f. temperature relation. The values in Table 2 are of historical 
interest only. Curiously enough the mean of the four values given, 
1,450° C. is not very different from the values obtained in later work. 


TABLE 2.—Early observations on the melting point of nickel 





an - Purity of | Melting 
Observers Year nickel point 





we 
E sn scan tah sel 1, 484 
Harker 2 : 0.996, 1,427 

= 1, 419 


Holborn and Wien ! 


1, 470 











‘Holborn and Wien Wied., Ann., 56, p. 360; 1895. 

‘J. A. Harker, Roy. Soc. Proc. Ser., A 76, p. 235; 1905. 

‘W. Guertler and G. Tamman, Zeits. f. Anorg. Chem., 45, p. 205; 1905. 
‘H. Copaux, C. R., 140 p. 657; 1905. 


In 1907 Burgess,® using an optical micropyrometer, determined the 
melting point of small bits of nickel in contact with an electrically 
heated platinum strip. He obtained 1,435° C. on an optical scale of 





4 See footnote 2, p, 1310, 5 Q. K. Burgess, Bull. B. of S., 3, p. 345; 1907. 
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Wen! 
Ruse 
gold = 1,064° and platinum =1,753°. From the work of Hoffmann Mita: 
and from unpublished work done at the National Bureau of Standards 

it is known that the scale used by Burgess is about 20° lower at the 
platinum point than the present International Scale and would prob. 
ably be some 10° lower at the nickel point. 

In 1911 Day and Sosman ’” obtained the value, 1,452.3° C. with, 
nitrogen constant-volume gas thermometer. This value, rounded tp 
1,452 has been, with very good reason, the generally accepted value, 
However, since this value is based almost entirely upon one inyesi- 
gation in which the scale employed was not defined in the same manner 
as the present scale, it seemed highly desirable that this important 
fixed point be accurately determined on the present International 
Scale. As is indicated in Table 5, the values obtained by Day and 
Sosman for the gold, palladium, and platinum points are all somewhat 
lower than these fixed points on the present scale. ¢ 


III. PURITY OF NICKEL 


The nickel used in the present work was from a special preparation 
of electrolytic nickel made by the International Nickel Co. This 
material was further purified at the National Bureau of Standards by 
removal of carbon and sulphur as described by Jordan and Swanger 
elsewhere in this journal.’ In our work two separate ingots were used 
having the chemical analyses shown in Table 3. 


TABLE 3.—Chemical analyses | of nickel previous to use in freezing-point determin:- 
tions 





Ingot N-19 | Ingot N-23 





Per cent ] 
. 005 




















1 Analyses by J. A. Scherrer and C. P. Larabee, of the chemistry division. po 
2 Not detected. 
3 Difference. 

* Direct determination. wa 


: co 

The two ingots were also analyzed for gases before and after the | 
freezing point determinations, the quantities found being listed 1. 
Table 4. ; we 





6 Fr. Hoffmann, Zs. f. Phys., ~* 285; 1924. 
7A. L. Day and R. B. Sosman, Carnegie Inst. of Wash. Pub. No. 157, p. 107; 1911, 
8 L. Jordan and W. H. Swanger, B. 8, Jour. Research, 6 (RP257), p. 1291; 1930. 
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TasLE 4.—Analyses! of nickel for gases before and after use in freezing-point 
determinations 





Ingot N-19 Ingot N-23 





Before After Before After 





Per cent Per cent 
0. 008 : 0. 015 
004 


<. 0002 























1 Analyses by H. C. Vacher of the metallurgy division. 
2 Not detected. 
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Ficure 2.—Arrangement of optical pyrometer, furnace, and crucible of metal. 





Since ingot N-23. apparently picked up over twice as much gas as 
did ingot N-19 without any resulting difference in the freezing point, 
Z is concluded that the dissolved gases present had no appreciable 
elfect. 

The average temperature coefficient of resistance, for the interval 
0° to 100° C. was found to be 0.00667 for the material before and 
0.00672 for samples taken from the ingots after use in the freezing- 
point work. The samples giving the value 0.00667 were from the 
same lots, but not the actual material used, while the value 0.00672 
was obtained on material taken from the ingots. The difference is 
considered not significant. 

The unusually high temperature coefficient and the chemical 
analyses indicate that the nickel of the two ingots N-19 and N-23 
was of purity as high as any nickel that has ever been produced. 


IV. EXPERIMENTAL WORK AND RESULTS 


The arrangement of optical pyrometer and melting furnace is 
shown in Figure 2, except that a pyrometer lamp with optically flat 
windows was used. The gold point was determined by sighting into 
a graphite tube iiaatle in a crucible of gold. The furnace was 


18296°—30-——9 











coaiiiadaaa To oe 





1316 


contained in a 6-liter pyrex flask which was evacuated with a me. 
cury diffusion pump to a pressure of about 0.001 mm of mercury 
The pyrometer telescope was equipped with a 45° total reflecting 
prism for convenience in making observations. 

The same arrangement was used in the observations on the cr. 
cibles of nickel, except that a sector disk was rotated in the spac 
between the prism and furnace window. The same prism and furnac 
window were used in the observations on gold and nickel, so that the 
light absorbed by these optical parts ion not be determined. 

The furnace used for melting the gold was wound with platinum 
ribbon and the one used for melting the nickel was wound with ap 
alloy wire of 20 per cent rhodium-80 per cent platinum. The nickel 
furnace was provided with end coils on both bottom and top to 
secure greater uniformity of heating. The furnace tube was of 
fused zirconium oxide. 

The nickel was contained in a crucible of magnesium oxide, which 
was found not to contaminate the nickel, by more than a negligible 
amount. The immersed sight tube was likewine made of fused 
magnesia. 

he sector disk used had two openings and a transmission of 
2.629 per cent as computed from the measurement of the openings 
with a circular dividing engine. The sector transmission corre 
sponded to the ratio of brightness from the freezing point of nickel to 
about 1,070° C. for 0.6533 y, the effective wave length of the red 
screen used. The pyrometer lamp, during the observations on 
nickel, was, therefore, operated about 7° above the gold point. The 
average current value obtained with gold was 0.11522 ampere while 
the average current value obtained with nickel was 0.11625 ampere 
corresponding to a temperature of 1,069.7° C. In this work only 
the observations taken during freezing were used. 

The calculation for the freezing point, t, is made from equation (6). 
If logarithms to the base 10 are used and the effective wave length is 
expressed in microns, this equation becomes 
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Ee > login T 
+273 %+273 6,219 
t=1,069.7° C. 
A= 0.6533 yu 
T =0.02629. 
whence 
t=1,454.8° C. 


The ratio of brightness, nickel to-gold, for the above wave length, 
may be calculated from equation (2) to be 41.28, the reciprocal of 
which is 0.02422. 

The order of observation was as follows: 

Five freezes on gold. 

Nine freezes on nickel, ingot N-19. 

Four freezes on gold. 

Six freezes on nickel, ingot N-23. 

Four freezes on gold. 

Five freezes on nickel, ingot N-23. 

Five freezes on gold. 
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The observations at the freezing point of gold indicated that no 
detectable drift occurred in the pyrometer lamp during the period 
covered by the above work. The average current through the lamp 
for the first nine gold freezes differed from that for the last nine 
freezes by only 1 part in 11,000, corresponding to a difference in 
temperature of less than 0.1° C. 

The results obtained on the individual freezes are listed in Table 5. 


Tasup 5.—Determinations of the freezing point of nickel 





Ingot N-19 Ingot N-23 








Freeze No. 
Observer | Observer | Observer 
H.T. Wil W. Fim. | FB. 0. 
































Mean of 20 freezes, 1,454.8° C. 


In comparing the result obtained with that of Day and Sosman, 
consideration should be given to differences in the temperature 
scales employed. The values given in Table 6 and plotted in Figure 3 
are significant as indicating a systematic difference between their 
scale and the International Scale adopted in 1927. 


TaBLE 6.—Differences between International Temperature Scale and the scale of 
Day and Sosman 





Fixed point - | Difference 

















1 By extrapolation of the thermocouple calibrated at lower points against gas thermometer. 


V. DISCUSSION 


The behavior of the nickel used in the present work and the agree- 
ment between the values obtained with two separate ingots indicate 
that the freezing point of nickel of high purity is very satisfactory for 
use as a fixed point from which to stam#mi Measuring temperatures 


above the platinum point where the bi oss relative to that of a 


black body at the gold point can no i, )be measured in one step 
with a sector disk. It is advisable to determine the freezing point of 
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the particular lot of nickel so used, this freezing point serving merely 
to provide a steady, uniform, and reproducible temperature. The 
asap, should be done in an evacuated space at pressures of not 
more than 0.01 mm of mercury. 

There was no evidence of appreciable contamination of the metg| 
by the crucibles of magnesium oxide. No decrease in the temperature 
coefficient of resistance took place nor did the freezing point show any 
drift with successive melts and freezes. : 
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Ficure 3.—Differences between International Temperature Scale 
and the scale of Day and Sosman as obtained from data on 


jized points 


The freezing point of the nickel used is probably slightly lower than 
that for the absolutely pure metal, but calculation indicates the 
maximum difference to be less than 1°. Very likely this difference 
is not over 0.5° C. For this reason we have considered it advisable 
to round our result from 1,454.8° to 1,455° C. On the International 
Scale, which is based on the value 1,063° C. for the freezing point of 
gold and the value 1.432 @mdeg. for C.. The value 1,455° C. here 
obtained is believed to be wathin 1° on the present scale of the true 
value either for pure nieky e nickel actually used. 


WASHINGTON, July 1 















































Bie 2 








~(Cut here) 





“ASTI S,Jopuds 973 38 ‘YSBO JO ‘qJBIP YIOX MON 





(Azyunog 10) 04%4g puB AZID 





QOUBZPIUIOL [BIO], 





Of6T ‘Yooqivex sprepuTyg 
(aeaX Quo) UNeTTNg sMON [BOTUYDET, 


GL Z% (a9 9u0) YIIBESEY JO [BUINOL SpIvpUByYG JO NvoINg 


00 ‘I$ (sah auo) ATYVUOP sprepuyg [eseUIUIOD 





vureue 
jo atqndoy 

“iog | ‘PUBIPUNO}MON 
Tony ses Hun woHarTGnd Jo SLL 








eon 














"4800 94} IOAOD 0} 490UBZ}IUIOI BSO[OUI [ “MO[IG X PoYIvVUI suOTyBOITGnd spiBpUByg JO N¥eINgG 94} sul pusg :uIg Uva 
‘O'q ‘uo}burysp 4 
20Y4fQ Burjutsg quaumusaa0y 
‘SLNAWN000 dO LINAGNALNIYadAS 


_ (e104 109) 











psi 




















BuREAU OF STANDARDS JOURNAL OF RESEARCH 


CONTENTS OF RECENT NUMBERS—Contineud 
September, 1930 (Vol. 5, No. 3) 


RP225. The chloroplatinate-chloroplatinite electrode. Edgar R. Smith. 
RP226. A new crystalline calcium chloride compound of a-d gulose and its rotation and mutarotation in acqueous 
solution. Horace S. Isbell. 


RP227. Note on the electrical resistance of contacts between nuts and bolts. Frank Wenner, G. W. Nusbaum, 
and B. C. Cruickshanks. 


RP228. Addition agents in copper electrotyping solutions. R.0. Hull and W, Blum. 
RP229. Terms of the arc and spark spectra of chromium. C. C. Kiess. 


October, 1930 (Vol. 5, No. 4) 


RP230. Strength of welded shelf-angle connections. James H. Edwards, H. L. Whittemore, and A. H. Stang. 
RP231. Measurement of surface temperatures. Wm.F. Roeser and E.F. Mueller. 

RP232. Stress distribution in welded steel pedestals. James H. Edwards, H. L. Whittemore, and A. H. Stang. 
RP233. ahs epee to a study of the constitution of Portland cement. L.T. Brownmiller and 


RP234. Photo-ionization of cesium vapor by absorption between the series lines. C.Boeckner and F.L. Mohler. 
RP235. Efficiency of production of X rays. Warren W. Nicholas. 

RP236. On the determination of the empirical formula of a hydrocarbon. Edward W. Washburn. 

RP237. aro» Sar ila ic sain aie een J. A. Scherrer and G. E. F. 


RP238. Aradiobeacon and receiving system for blind landing of aircraft. H. Diamond and F. W. Dunmore. 


RP239. TSS ee et ee eee Johannes H. Bruun and Mildred M. Hicks- 
ruun. 


RP240. Determination of carbon in high sulphur steels by direct combustion. H. A. Bright and G. E. F. Lundell. 
RP241. eer yy hg solutions and its relation to the thickness of adsorbed films. Ronald Bulkley 


RP242. The measurement of sound absorption. V.L. Christer and W. F. Synder. 


November, 1930 (Vol. 5, No. 5) 


RP243. Mechanism of heat flow in fibrous materials. J. L. Finck. 

RP244. Compressibility and thermal expansion of petroleum oils in the range 0° to 300° C. R. S. Jessup. 
RP245. Interference measurements in the first spectra of Krypton. C.J. Humphreys. 

RP246. Kennelly-Heaviside layer height observations for 4,045 and 8,650 ke. T. R. Gilliland. 

ON, he See ee eee with standard iodine and alkali, G.M. Kline and 


RP248. Properties of lead-bismuth, lead-tin, type metal, and fusible alloys. J. G. Thompson. 
RP249. A study of the adsorption of sulphuric acid by leather. John Beck, jr. 
RP250. A rae roe so-called “over-reduced”’ condition in molten steel. J. V¥. McCrae, R. L. Dowdell, and 


RP251. The constant occurrence of nonreducing disaccharides in hydrolzyed inulin. 

RP252. Precision of color temperature measurements under various observing conditions; a new color com- 
parator for incandescent lamps. Deane B. Judd. 

RP253. The ring structure of mannose. The optical rotation of 4-glucoside-c-mannose. Horance S. Isabell. 


Research papers are available as separates for purchase from the Superintendent of Documents 
United States Government Printing Office, Washington, D. C. 




















A monthly periodical of pure and applied science 
published by our National Government  - 





BUREAU OF STANDARDS 


JOURNAL OF RESEARCH 
PUBLISHED AT WASHINGTON, D. C. 


(With the July issue, the Journat began its third year and fifth 
volume. The JourNnat contains the bureau's research papers and 
critical reviews in the fields of science and technology. These wi 
be comparable in interest and importance with the bureau paper 
already issued. 

(Several hundred researches are always in progress at the Burea 
of Standards and the outlet for the results is the “Bureau o 
STANDARDS JOURNAL OF RESEARCH.” 

(If you are interested in following the latest developments i 
science and technology you need the Burzau oF Sranparp 
Journat oF Resgarcu. If you are a subscriber, renew your sub 
scription promptly; if not, your subscription will be appreciated 


Copies are limited and it is not always possible to supply back 
numbers. 


PRICES 


New subscription (or renewal)' to Journal of Research 
for United States, Canada, Cuba, Mexico, New- 
foundland, and the Republic of Panama... . $2.75* 
Volume 1, July to December, 1928 . . $2.75* 
Blue buckram bound {Vetune 2 2, January to June, 1929 ... . $2.75* 
Volume 3, July to December, 1929 . . $2.75* 
1 Yearly subscription, 12 issues. other countries, “add 75 cents. 
Research papers (printed separately ib durable paper cover 
and priced according to cost) see list of r seed papers on 
cover pages 2 and 3 of this issue. 


Address orders only to 
Superintendent of Documents 
Government Printing Office 
Washington, D. C. 





The value of prompt and adequate news of the latest research resu 
can not be measured by ordinary standards. They are perma 
gainful assets for the expert. He can hardly afford . 
to be without such basic sources 

















